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ABSTRACT 
The primary objective of this researeh has been to collect and analyze data from 
(randomized) seeded and unseeded winter storms over the Wasatch Mountains for the purpose 
of developing and designing cloud seeding technology. Two field programs were conducted 
sequentially; the first was done by airborne seeding and the second by seeding from 
mountaintop generators. 
Analysis of precipitation estimators based upon radar and/or rawinsonde data and target 
precipitation show that increased precipitation due to seeding may occur under certain 
meteorological conditions. Favorable conditions were found when the supercooled water 
concentration as measured by aircraft icing rates was high. Precipitation in these particular 
seeded storms was several times the amount estimated from relationships derived from 
meteorological parameters and unseeded precipitation. Based upon these a posteriori results, it 
'is hypothesized that winter season orograpbic precipitation may be increased by about thirty 
percent by seeding about one sixth of the storms. Analysis of seeding effects using cloud top 
temperature 'on an a priori basis of stratification yielded inconclusive results. Other 
meteorological aspects related to cloud seeding technology are presented in the report. 
Ul 
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1.0 INTRODUCTION 
1.1 Overview of Project 
1.1.1 RevIew. As part of the Bureau of Reelam-
tion's Project Skywater, a network of precipitation 
gages was set up in the Northern Wastach during the 
years 1967 through 1969. This network of precipita-
tion gages was operated by remote control, so detailed 
data from an extensive mountainous region could be 
obtained during winter storms (Chadwick, 1968). By 
1969 the results of the Climax experiment (Grant and 
.Mielke, 1967). and other work. led to the idea that the 
temperature at 500 mb, and later, the temperature at 
cloud top could be used to discriminate storms in 
which seeding would increase precipitation. Thus, a 
number of seeding experiments in the mountains of 
Western United States were initiated. One of these 
experiments was carried out by the Utah State 
University. 
Seeding was to be done, in this experiment, by 
aircraft on a randomized basis. The extensive network 
of precipitation gages was expected to provide most of 
the data, from which seeding effects would be found. 
Other supporting meteorological data such as obtained 
from rawinsondes were considered basic to the 
program. After two years of the randomized 
experimentation. the present contract began. A third 
year of experimentation was continued. Thus, the 
airborne seeding program was carried out during the 
three winters of1969-70, 1970-71, and 1971-72. After a 
year of preparation, and under greatly reduced 
funding, a ground based seeding program was 
initiated. This ground seeding program which was 
carried out during the three winters of 1973-74, 
1974-75, and 1975-76, was funded in its third year 
primarily by the Utah Division of Water Resources 
(UDWR). 
Although the first two years of airborne seeding 
were carried out prior to the current contract and the 
last year of the ground seeding program was 
supported by UDWR, a complete analysis of both 
programs is given in this report. Otherwise only a 
partial analysis could be made. 
1.1.2 Basie Objectives. The objectives of the 
project emphasized the establishment of a seeding 
technology which could be used in precipitation 
management. Efforts were to be concentrated in two 
main areas: 1) collection and analysis of data needed to 
develop the techniques for treating winter storms 
over the Wasatch Mountains. and 2) design and 
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application of the precipitation management system, 
with sueh research as necessary to refine the system 
to full operational capability. 
To establish this technology. randomized seeding 
was carried out using airborne generators in storms 
declared suitable. Rawinsonde data were used to 
stratify storms according to cloud top temperature. 
Later, ground seeding was carried out with various 
improvements in the data collection system, especially 
concerning the cloud top temperature determination. 
1.2 SUIIIIIW'Y 
1.2.1 SUIIIIIW'Y of Work. During the last year of 
the airborne seeding program, 'Z1 storms were 
studied. Seeding material was delivered in each 
storm, either during the first or second half of an eight 
hour period; the choice of which half was seeded was 
made on a randomized basis. Airborne seeding was 
carried out for only the first two hours of the seeded 
half. so that the purge time would be about two hours. 
In addition to the seeding effort. rawinsondes were 
released either once or twice during the eight hour 
period. Precipitation data were received from around 
the network at intervals of about once a half hour. 
Silver samples and ice nuclei data were also collected 
on many of the storms. During the off winter months, 
maintenance. calibration of precipitation gages, and 
other field work were carried out. This phase of 
activity, when added to the two previous years, 
resulted in a total of 80 storms studied in the airborne 
program. In addition to the field work, modeJing and 
other physical studies were made in support of the 
overall program. Analysis of data. of course, 
constituted a large effort. 
Following completion of the airborne seeding 
program. a ground based seeding program was 
carried out. In this program three remotely controlled 
mountaintop seeders were used to deliver silver iodide 
particles into the clouds. Storms selected for study 
were primarily orographic. Because the distribution of 
seeding material released from the ground is much 
less predictable than when released from the air, a 
given storm was either seeded or left unseeded for the 
full period of measurement. In the analysis of cloud 
top temperatures from the airborne seeding program, 
a high degree of natural variability was found. 
Therefore, in the later effort, releases of rawinsondes 
were made at two hourly intervals during periods of 
study. Again, during off winter periods. maintenance, 
eaJibration of precipitation gages. and other field work 
were performed. Other studies. such as development 
of simple predictors. to account for some of the natural 
variability of precipitation. were carried out. 
Several theoretical studies were made in support 
of the experimental programs. One investigation 
concerns the physical basis of cloud seeding; in this 
development a simple model of orographic flow and its 
effect on a three phase water budget is considered. 
. The result yields an estimate of the amount of ice 
nuclei required for an efficient production of precipita-
tion. The next study analyzes the time required to 
glaciate a supercooled water cloud under various 
meteorological conditions. such as temperature. 
updraft velocity and concentration of ice crystals. In 
another development. a formula relating ice satura-
tion to the dew point depression is given. It turns out 
that. to a close approximation. the dew point 
depression at ice saturation is one-tenth the negative 
of the air temperature in degrees Celsius. With this 
formula. estimated ice cloud top temperatures can be 
found by inspection of the vertical distribution of 
temperature and dew point. as usually plotted on 
thermodynamic charts. Diffusion studies were also 
made, one for a line source and another for point 
sources. The first was used to aid in the analysis of 
aircraft seeding which was done along a line. and the 
second study was applied to the mountain top 
generators. 
Other studies included an analysis of the data 
collection system. eaJibration procedures for precipi-
tation data. a data quality analysis. and standardiza-
tion procedures for precipitation data. Use of other 
supporting meteorological data is also discussed. In 
this connection a preliminary analysis of cloud 
structure and its variability is made. Based upon such 
an analysis, the frequency of rawinsonde reled8es 
required to adequately represent cloud top tempera-
tures is estimated. In addition, the use of other 
parameters derived from rawinsonde data is discus-
sed. Another important step taken in the study is the 
classification of storm periods into types. i.e., 
orographic. convective. frontal, or cyclonic. In an 
analysis using precipitation estimates, IJr covariates. 
to reduce unexplained natural variability. a classifica-
tion system is not only useful. but probably necessary. 
1.2.2 811111D1U'Y of ReIi1llta. A review of previous 
evaluations of the three year airborne seeding 
program along with an analysis of cloud top 
temperatures shows that the positive seeding effects 
reported earlier were fortuitous. The reason is that a 
free choice of limits-of-effect. such as an upper and 
lower cloud top temperature within which seeding is 
thought to increase precipitation. enhances artificially 
any apparent effects. In the analysis of cloud top 
temperatures. it was found that daytime values were 
much warmer than at night by around l~C or 130 C on 
the average. The difference is due to the use of 
rawinsondes. which at that time were poorly shielded 
from effects of solar radiation. Cloud top temperatures 
based upon continuous vertical incidence radar 
observations at Hill AFB were used as a basis of 
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stratification rather than those found from rawin-
sondes. 
When only orographic clouds were considered. it 
was found that at cloud top temperatures warmer 
than -3()OC the seeded precipitation was about 65 
percent greater than the unseeded precipitation; 
however. a precipitation estimator defined as the 
difference between the cloud base and cloud top 
mixing ratio (water vapor content) also was higher in 
the seeded precipitation than the unseeded by over 
100 percent. The relationship between the estimator 
and precipitation for seeded and unseeded precipita-
tion showed no increase in precipitation from seeding. 
In the cold cloud top temperature category a similar 
situation was found. 
In the non-orographic cases. the precipitation was 
much higher and more variable with respect to the 
estimator than in the orographic cases. No seeding 
effects in these cases were evident. However. the 
importance of separating various meteorological types 
is pointed out. because if a few highly variable 
precipitation events were included in a group of 
orographic events. the former could produce apparent 
seeding effects that might appear significant with the 
large total sample. Finally, use is made of icing 
reports on the seeding aircraft as a means of 
identifying cases of high supercooled water concentra-
tions. instead of using cloud top temperatures. 
Precipitation was found to be higher in the seeded 
cases than in the unseeded. but statistical significance 
at the O.llevel was not achieved. 
In the three year ground seeding experiment it 
was postulated that increases in precipitation would 
be found in orographic clouds if the ice cloud top 
temperature were warmer than -28oC. Frequent 
(solar shielded) rawinsonde releases were to be made 
and non-orographic clouds were to be eliminated from 
the data. The precipitation network was reduced to 11 
key high altitude gages. Several improvements in the 
gages were made in order to reduce both the 
occurrence of snow sticking to the outside of a 
weighing gage and the mechanical sticking of the 
weighing mechanism itself. The improvements proved 
to be successful. Improvements were also made on the 
seeders to ensure their reliable operation. One such is 
an automatic ignition system which was activated 
when the propane flame was supposed to be on but 
was extinguished. usually by wind. 
As in the airborne experiment each event was 
classified according to type; however. in the ground 
seeding study, effort was made to exclude non-
orographic types before the fact. For the identification 
of convection, an objective method was developed, 
based upon the rawinsonde data. A comparison of 
radar and rawinsonde cloud top temperatures showed 
a weak relationship, but when only single layered 
orographic clouds are considered a well defined 
relationship was found between the two tempera-
tures. Cloud top temperature variability of two-hourly 
averages expressed by the standard deviation was 
found to be 5.50 C for two hours time difference in 
successive measurements. 130(} for four hours. and 
220C for six hours. Data for cases with scattered 
clouds or highly variable tops due to multilayers are 
not included in this analysis. Thus. when all clouds are 
considered. variations in cloud top temperature are 
even higher than the amount given here. 
Besides cloud top temperatures, two other 
measures of seed ability are explored. One measure is 
simply the concentration of supercooled cloud water. 
The rate of aircraft icing is used as an index to the 
supercooled water concentration. Another measure of 
seedability is the ratio of the concentrations of 
supercooled water to ice crystals. The latter quantity 
is represented by the precipitation rate. Because the 
precipitation rate may be affected by seeding. analysis 
of seeding effects is made according to the simple 
definition of seedability, i.e., the rate of aircraft icing. 
An estimator of orographic precipitation is 
defined as the product of two factors, the cloud top 
and cloud base mixing-ratio difference and the 9000 
foot wind speed normal to the mountain barrier axis. 
The square of this estimator is found to greatly 
improve the relationship with precipitation. To 
achieve statistically normal distributions, the fourth 
root of precipitation and the square root of the linear 
estimator are used. 
As in the airborne seeding program. analysis is 
made of events classified as having present substantial 
amounts of supercooled water. Aircraft reports 
(PIREPS) are used to make the classification. Because 
relatively few events are available. events from the 
airborne seeding program are included in the analysis. 
Data from the airborne program are made compatible 
with the ground program by calculating both the 
precipitation and the precipitation estimator the same 
way for the two programs. 
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When ground/air unseeded precipitation is 
compared with seeded precipitation of the ground 
program. the seeded precipitation is greater than the 
unseeded for a given value of the estimator with a 
significance level of 0.05. In a comparison of unseeded 
precipitation with the seeded precipitation of the 
airborne seeding program similar increases of precipi-
tation in seeded events are found, but statistical 
significance is not achieved at the 0.10 level. When the 
two programs are combined. the seeded precipitation 
is found to be greater by a factor of two to three (in the 
range of most frequent values of the estimator) with a 
significance level of 0.03. A seasonal increase in 
precipitation from seeding is estimated to be about 
thirty percent of the total precipitation. Only about 
one sixth of the storms are seeded to realize this 
increase. 
Although the foregoing results appear to be 
statistically significant, it is pointed out that in the 
airborne experiment the original plan eal1ed for a 
simple comparison between seeded and unseeded 
precipitation (Chappell et a1.. 1971). In the first year of 
the project the cloud top temperature should have 
been warmer than -220C for an operational period to 
be carried out. Later this criterion was abandoned, 
and stratification according to cloud top temperature 
was attempted. However. no clear-cut procedure was 
established beforehand to obtain these temperatures. 
In the ground seeding experiment such procedures 
were clearly established: that is upper-level soundings 
were made according to a fixed schedule and specific 
criteria for finding cloud top temperatures were 
formulated. On the other hand in neither experiment 
was the use of aircraft-icing rates planned as a basis of 
stratification. Therefore. these apparent seeding 
effects are regarded as tentative, and it is concluded 
that further study of stratification based upon 
supercooled water concentrations is warranted. 
2.0 OBSERVATION SYSTEM 
2.1 Telemetry System 
2.1.1 ARC and Preeipitatloa Network. The 
telemetering precipitation measurement system is 
made up of the following four major components 
(Chappell et al., 1971): 
1. The automatic readout console (ARC) 
located at· the. Utah Water Research Laboratory 
(Figure 1). 
2. The cable that carries the signals between 
the automatic readout console and. the Mt. Logan 
translator. There are 27 quarter-mile sections in each 
of two, four-wire cables. The second cable provides·a 
backup in the event that the first cable fails. 
·3. The Mt. Logan translator which relays the 
information from the automatie readout consqle to the 
remote telemetering stations and vice versa. 
4. The remote telemetering stations. Each 
installation includes: a) the support assembly on 
which the precipitation collection weighing system is 
mounted; b) a standard can-type precipitation 
collector. with Alter wind shields; c) the weighing 
transducer. which converts the accumulated precipi-
tation into an electromagnetic signal; d) the electro-
nics housing (a cylindrical can), which is buried in the 
ground: e) the electronics unit. which is capable of 
both receiving and sending signals; and f) an antenna 
for receiving and transmitting electromagnetic sig-
nals. 
Although some of the components of the 
telemetering system are extremely complicated, the 
general principle of operation is quite simple. The 
automatic readout console interrogates a remote 
station. The query is carried by the cable to the Mt. 
Logan translator which electronically transmits the 
message. The appropriate remote station responds 
with an electromagnetic frequency which is received 
by the translator. This signal is then converted and 
sent via the cable to the automatic readout console. 
where it is printed out. 
The order of station interrogation is programmed 
into the automatic readout console. However, stations 
can be omitted from this order at the discretion of the 
operator. Once the stations to be queried have been 
selected and the switch turned on, the automatic 
readout console automatically interrogates the sta-
tions in turn until all have been queried. The 
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programmer returns immediately to the first station, 
repeating the cycle over and over until the switch is 
turned off. If, during a cycle. a station does not 
respond, it is automatically queried a set number of 
times up to three. If there is still no response, the next 
station is automatically interrogated. 
The data printout is in systems units. either 
electromagnetic periods or frequencies (Figure 2). 
These printed values are punched and computer 
converted and edited to precipitation values. 
The telemetering network along with station 
latitUde, longitude and elevation. and can capacity is 
listed in Table 1. 
The telemetry base station can be considered as 
the center of the telemetering system. Interrogations 
are initiated and replies are recorded by this unit. The 
system is automatic in that it will automatically 
interrogate and record data without human interven-
tion. The system has the capacity to handle up to 200 
remote stations. 
In simplified form. in the. command phase, the 
base station actuates a program sequencer. an address 
locater, and an interrogation generator. Upon station 
selection and interrogation. the data-receive mode 
goes into effect, and an automatic tracking filter starts 
searching for the received signal lying within the 
audio spectrum. Once located. the signal is matched in 
frequency and phase by a locally generated signal. The 
frequency of the locally generated signal, locked in 
phase with the remote signal. is counted by a digital 
counter. Tests conducted on the readout system 
indicate that tracking error of the base station is less 
than ± 1 part in 50,000. 
Data are read out to five significant figures by 
taking a time period average of the incoming 
frequency. Thus a 2000.00 Hz signal would be read out 
as a time period of 500.00 microseconds. Theoretical 
resolution obtainable in the system described is the 
difference in numerical digits between 1/1100.00 and 
1/2500.00 or 50,909 (with the decimal point omitted). 
Fractions of a cycle can be measured by period 
measurements whereas only whole cycles are counted 
on a frequency basis. 
The remote station broadcasts and receives using 
a single 5-element Yagi antenna. The antenna is 
usually 6 m in height and is placed about 3 m to 6 m 
from the instrument housing. Vertical polarization is 
Figure 1. Automatic readout COJJ8ole. 
used to be compatible with the vertical omni-direction 
antenna installed at the mountaintop translator. 
Radio transmission is quasi line-of-sight; the radio 
signals are about 2 meters in wavelength. The radio 
transmitters operate in the hydrologic telemetering 
band at 170-174 MHz. Signals, transmitted from a 
remote site, are beamed to the Mt. Logan translator 
which lies about 6.4 air kilometers from the Utah 
Water Research Laboratory. Signals are thence 
transmitted via land line to the base station located at 
the laboratory. 
The basic remote telemetry station is simple in 
design, and incorporates a unique transducer sensing 
technique. The system operates for extended periods 
of time unattended and requires little maintenance 
during the snow season. The station is relatively free 
of problems associated with icing, freezing, thawing, 
or snow accumulation. 
These stations were designed to provide other 
needed hydrologic or meteorologic data, such as Figure~. Sample automatic readmt.t of precipitation. 
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Table 1. Wasatch Weather Modification Project precipitation telemetering stations. 
Station No. Station Name Latitude Longitude Elevation Can Size 
201 Dayton 42° 08' 51" 112°04'03" 7550' 36 inch 
602 & 03 Tony Grove Ranger Station 41°53'10" 111°36'10" 6800' 36 inch 
801 Petersboro 41 °46'45" 111°59'00" 4450' 36 inch 
1001 Gold Hill 40°50'03" 110°53'55" 9800' 70 inch 
1202a & 03 Cinnamon Creek 41°28' 111°48' 7300' 70 inch 
1501 Clarkston 41°55'09" 112°05'45 " 6300' 70 inch 
1602a & 03 Franklin Basin 42°03' 08" 111 °35"55" 8100' 70 inch 
1701 Hell Canyon 41°40'22" 112°00'30" 6400' 70 inch 
2001 Curtis Creek 41°36'05" 111°24'30" 8500' 70 inch 
2101 Magpie Flats 41°13'57" 111 °38'37" 7600' 70 inch 
2301 Highline Trail 40°48'24" 109°43'55" 10110' 70 inch 
2501 Herd Hollow 41°43'12" 111 °35'42" 7350' 70 inch 
2609 Providence Traps 41 °42'08" 111°41'40" 8800' 70 inch 
2901 Hoodoo 41 °09'30" 111 ° 35' 12" 8350' 70 inch 
4401 Hyrum Dam 41°37'17" 111 °50'45" 4795' 36 inch 
4501 Hardscrabble 40°53'15" 111°43'15" 6720' 70 inch 
4602a & 03 Tony Grove Lake 41 ° 54' 00" 111 °37' 50" 8400' 70 inch 
4701 Lily Lake 40°51'17" 110°46'50" 9300' 70 inch 
4902a & 03 Ben Lomond 41°21'49" 111 ° 55' 05" 8800' 70 inch 
5002a & 03 Dry Bread Pond 41 °24'50" 111°32'46" 8250' 70 inch 
5702a & 03 George Peak 41°52'56" 113°27' 31" 8800' 70 inch 
6301 Francis Canyon 41°08'27" 111 ° 17'45" 7360' 70 inch 
6501 Guilder's Peak 41°13'53" 111 °30' 00" 8000' 70 inch 
6601 Hardware Ranch 41°36'04" 111°32'29" 5700' 36 inch 
6801 Paradise Canyon 41°33'47" 111°40'18" 7650' 70 inch 
7001 Bug Lake 41 °41'00" 11P25'05" 7950' 70 inch 
7101 Deer Springs 41°33'02" 111°27'50" 8450' 70 inch 
7801 Sargent Lakes 40°49' 39" 111°16'40" 8350' 70 inch 
8002a & 03 Mon te Cristo 41 °25'29" 111 °30 '54" 8880' 70 inch 
9501 Chalk Creek No.2 40°53'52" 111°05'25" 7850' 70 inch 
9701 McCoy Park 40°50'57" 110°04'10" 10600' 70 inch 
10401 Shingle Mill Flat 40°44'12" 110°07'55" 9900' 70 inch 
10903 Chalk Creek No.1 40°50'58" 110°05' 12" 8800' 70 inch 
11101 Kelley Ranger Station 42°16'07" 110°47'55" 8750' 70 inch 
11301 South Canyon Lower 41°29'48" 111°49'08" 5260' 36 inch 
12401 Little Bear Upper 41 °24'20" 111 °49' 25" 6600' 70 inch 
12501 Porcupine 40°59'00" 111°09'05" 8100' 70 inch 
13201 Middle Fork Ogden 41 °20'50" 111°43'35" 8420' 70 inch 
14601 Woodruff 41°31'20" 111°10'40" 6350' 36 inch 
14701 Klondike Narrows 41 °58' 05" 111°35'55" 7400' 70 inch 
15201 Trigara Springs 41 °45'25" 111°30'18" 7200' 70 inch 
15501 UWRL 41 °44' 111°47' 4600' 36 inch 
16202a & 03 Steel Creek Park 40°55'00" 111 °29' 58" 10100' 70 inch 
16301 Round Valley 41°47' 111°21' 6000' 70 inch 
16403 & 06 Sinks 41°52'00" 111°30'10" 8600' 70 inch 
17001 Deseret Peak 40°27' 57" 112°36'14" 9250' 70 inch 
aSnow pillow. 
temperature, barometric pressure, or solar radiation 
by the simple adaptation of commercially available 
instruments. This results in a system having 
maximum utility and minimum cost. Lower costs 
make it possible to place more stations in a given 
study area, and especially in remote regions having a 
high variability of precipitation. 
these regions. A map showing station locations is 
shown in Figure 3. 
2.1.2 PredpitatiOD Wefghbag Gages. Precipita-
tion data in the form of electronic period were 
transmitted at intervals ranging from about 15 to 30 
minutes from 46 stations located in the Wasatch and 
Uinta Mountains. A few stations were located outside 
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A typical remote station is illustrated in Figure 4. 
The station consists of a precipitation can and stand. 
The stand is made from 6.35 cm (2 1/z inch) galvanized 
pipe with a standard Alter shield. The Alter shield, 
used to enhance the show catch, consists of 30 baffles 
placed on a 107 cm (42 inch) diameter 1 cm (3/8 inch) 
steel rod. 
The single-pipe stand is used at low elevation 
stations where the snowfall is not as great as it is in 
57 
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Figure 9. Experimental area and precipitation observing netwcrk for airborne weather modification project. 
the high mountain regions. For the higher elevations 
and larger snow accumulations, a three-legged stand 
patterned after the Soil Conservation Service stands, 
is used. This type of stand uses 3.8 cm (11/Z inch) pipe 
for each of the three legs. 
The precipitation can is placed upon a weighing 
transducer which changes an audio frequency as the 
precipitation accumulates in the can; the heavier the 
can the lower the audio frequency. An electrical cable 
passes from the transducer down through the pipe leg. 
The cable then runs from the tower to the instrument 
container, entering through a watertight fitting. The 
instrument container houses the main electrical 
equipment of the station and the batteries which 
supply the station power. A cable also runs from the 
metal instrument container through another water-
tight fitting to a Yagi-type antenna. 
The precipitation catchment devices are cylindri-
cal metal containers. The cans are of two basic 
configurations. The opening in either configuration is 
20 cm (8 inches) in diameter. One is 89 cm (36 inches) 
long having straight sides, and is used at lower 
elevations where precipitation is not expected to 
exceed the capacity ofthe can. The other precipitation 
can, for higher elevations and less accessible regions, 
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has a 30.5 cm (12 inch) diameter reservoir, giving a 
total capacity of 178 cm (70 inches). This capacity is 
adequate for a year's accumulation of precipitation at 
nearly all of the sites located in Utah. 
It is desirable to keep the snow catch in at least a 
semi-liquid state so that the snow does not accumulate 
and overflow. To accomplish this, the can is 
precharged with an antifreeze and water mixture. A 
small quantity of motor oil, which floats on the top of 
the liquid mixture, is added to prevent loss of water 
through evaporation. The cans are painted black so 
that solar radiation absorption can be enhanced 
thereby thawing the ice and snow accumulation 
periodically. 
The weighing transducer is located directly 
underneath the precipitation catchment can, and its 
function is to weigh the can's contents. The positional 
sensing element of the transducer consists of a metal 
plunger which can be lowered into an inductive coil 
without friction. As weight increases by the accumula-
tion of precipitation, the springs are compressed and 
the plunger lowers into the coil of wire, causing the 
inductance of the coil to increase. An increase in 
inductance changes the frequency of oscillation of the 
Figure 4. T'1fPical remote precipitation station: Sinks location; station no. 164. 
subcarrier oscillator. The frequency has a known 
relationship to the amount of precipitation in the can. 
Variations in the deflection of the springs due 
to differences in temperature are largely overcome by 
using springs made of Ni Span C material. This 
material has the lowest temperature coefficient of any 
known spring alloy. 
The weighing transducer and catchment can, 
which monitor the amount of precipitation, normally 
being free of friction. provide a sensitive system. As a 
consequence, wind may have a tendency to cause some 
fluctuations in the data. 
The transponder electronics consist of a radio 
transmitter and receiver, a seo (subcarrier oscilla-
9 
tor). a timer. and a parameter commutator. The 
receiver remains on at all times except when the 
transmitter is operating. The transmitter turns on 
when the receiver is signaled with two distinct tones 
from the terminal readout station at a frequency coded 
for that particular station. The signal. with its 
frequency modulated by a parameter transducer, is 
then broadcast for 15 seconds. After all parameters 
are reported sequentially. a timer turns the transmit-
ter off. The terminal readout station can reinterrogate 
as desired. 
Power is supplied to the remote station by three 
or six. six-volt batteries, Battery life is variable; being 
a function of the number of station interrogations. The 
receiver standby power is 4 mao at 12-18 volts which is 
supplied by readily available disposable or recharge-
able batteries. Six disposable batteries will last at 
least one year. 
2.2 SupportlDg Observation System 
2.2.1 Rawin80nde and Radar. A Bureau of 
Reelamation RD-65 unit was used throughout the 
experimental- periods to obtain observations of 
temperature, humidity, pressure~height·. and wind 
velocity. Two primary locations were used. During 
most of the aircraft seeding experiment the unit was 
located at Cache Peak (elevation about 1740 m); for 
the ground seeding experiment the unit was located at 
Mendon {elevation 1372 m).For the aircraft seeding 
experiment one or two rawinsondes were released. 
and Salt Lake City data were used to supplement this· . 
information. For the ground seeding experiment a· 
rawmsonde was released every two hours for a total of 
five per storm . 
. A modified, three eentimeter. T-9 tracking radar 
was operated during the aircraft seeding experiment 
on Cache Peak near the western border of the target 
area ... This equipment was used to provide flight 
control information to thepilot •. determili.e regions of 
cell genesis. and provide information and photography 
of cell intensity and movement. The radar was alSo . 
employed in a vertical pointing mode in order to obtain 
cloud depth and eloud top populations for the area.· A 
method was devised for photographingeontinuously a 
vertical eross-section of theeloud system. 
2.2.2 FacslmDe Data CoJIeetioD. An Alden 
weather facsimile machine was plaeed in operation. at 
UWRL during the winter season. The output from this 
equipment was used to eontrol operational activities 
and subsequent analyses of the experimen;S. A 
service A teletype machine was also installed iil order 
to obtain hourly surfaee data and other special 
reports. 
2.2.3 lee Nueleu8 Couats. A Summit Hut was 
designed and built on the Wasateh Ridge east of 
Logan. This hut is a 6 m x 8.5 m A-frame type 
structure with a loft for storage and sleeping quarters. 
The hut is at an elevation of 2650 m and lies within the 
primary target area. This structure served as a base 
for monitoring iee nuclei. cloud condensation nuelei 
and iee crystal eharacteristics during seeded and 
non-seeded periods. 
Ice nuelei data were eolleeted at the ground 
during winter seasons using a borrowed NCAR 
eounter and from the air using a eold box furnished by 
Atmospheries, Ine. Counts were taken at a tempera-
ture of -20°C. The NCAR counter was mounted in a 
. station wagon and eounts were obtained at several 
locations during operational. events. The aircraft cold 
box was used for plume traeking the Mt. Pisgah-based 
seeding generator. 
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2.2.4 SDver CoaeeatratioD of SIlOW. As part of 
the observing system, a network of silver sampling 
sites was established. Snow-ehemistry sampling sites 
for the three-year aireraft seeding experiment are 
shown in Figure 5. 
Figure 5. Snow chemistry 8ampling Bite8 (FY 70-71). 
Snow samples were generally taken whenever 
the snow depth on the route exeeeded 8 em (3 inehes) 
during a storm. Each sample was taken by a 
technieian who plaeed a fresh conventional polyethy-
lene bag over his hand and scooped new snow into a 
wide mouthed 411z liter polypropylene bottle previous-
ly stabilized with 5 ml of glaeial aeetie aeid. The tightly 
elosed eontainers were taken to the laboratory . 
Analysis of these data will be diseussed in Section 
6.1.3. 
8.0 SEEDING DELIVERY SYSTEM 
3.1 Airborne SeediDg 
3.1.1 Deseription of Equipment. The airborne 
seeding component ofthe Wasatch Weather Modifica-
tion Project was subcontracted to Atmospherics. Inc. 
The aircraft supplied to the project was a turbo-
charged Piper Aztec "c" (NI78A). This aircraft was 
fully licensed for IFR (instrument flight rules) flights 
and equipped with deicing systems on propellers. 
wings, and tail surfaces (Henderson et al •• 1970). 
The aircraft was permanently stationed at the 
Ogden Municipal Airport during the four-month 
operational periods. It was available for operations on 
a 24-hour basis. The decision to base the aircraft at 
Ogden was based, in part, on considerations of air 
traffic control centers at Salt Lake City and Hill Air 
Foree Base, flight safety requirements, aircraft 
service facilities, position of VORTAC installations in 
relation to seeding flight paths, relationship between 
radar facilities and aircraft flight operations, and the 
climatology at airfields throughout the Salt Lake 
Valley. 
In view of the high density aircraft traffic existing 
in the area of the seeding tracks it was necessary in 
the initial stages of project development to contact the 
Federal Aviation Agency in Salt Lake City and Hill 
Air Force Base near Ogden, in order to organize the 
flight activities in this area. 
Installed on the aircraft were mounting racks of 
special design for holding a variety of pyrotechnic 
seeding devices. On this particular aircraft, two racks 
were mounted vertically on the side of the fuselage. 
These were used primarily fo:: holding and burning 
pyrotechnics which did not produce large quantities of 
corrosive by-products believed to react with the 
aircraft skin. Two additional racks were installed in 
the airstream immediately aft of the flaps and 
outboard of the engine nacelles. These were used for 
higher output pyrotechnics which could produce 
corrosive material or heat problems in the first 10 cm, 
or so, downwind from the end·burning units. Output 
concentrations of all chemical constituents were such 
that tUrbulent mixing one or two meters behind the 
aircraft provides a dilution below any level which 
might affect materials or life forms. The output of the 
airborne seeding was approximately 120 gm h-1 of 
silver iodide. 
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The selection of seeding tracks was based mainly 
on combinations of wind speed and direction at 
seeding level. Careful thought was given to safety 
considerations, FAA regulations, terrain features, 
commercial aircraft traffic, location of primary and 
alternate airfields, radar field headquarters, location 
of USU telemetry system stations, and storm types 
within the total operational area. 
The seeding track designations A 1 through C5' 
related to various wind speeds and directions, are 
shown in Table 2. If major changes in wind speed and 
direction during any seeding period occurred, the 
aircraft track selected was altered to fit the changing 
weather conditions. Seeding tracks charts with 
appropriate flight information are depicted in Figure 
6. 
3.1.2 SeecIIDK Experiments. During the first 
year of the airborne seeding project a number of 
criteria were established to identify an operational 
period. These criteria were: 
1. Cloud bases shall be no higher than 12,000 




Total cloud depth shall be at least 100 mb 
700 mb temperature shall be -loC or colder. 
4. The cloud cover shall be not less than 
8/1Oths as viewed from Logan. 
5. 700 mb wind direction shall be within the 
interval from 197 degrees to 817 degrees. 
6. Conditions 1 through 5 shall be forecast to 
persist for not less than 8 consecutive hours. 
The nearly 10,000 square mile area emcompassing 
the UWRL telemetering stations is too large for 
airborne seeding of winter storms by a single aircraft. 
Within this rather large area a fixed target area of 
1,258 square miles was chosen. This smaller experi· 
mental target area allowed proper coordination 
between radar facilities. air-borne operations, ground 
personnel, as well as providing for a reasonable length 
of time between seeding pas~s. The coordinates of 
the four corners of the target area are: 
Table 2. Seeding track designations for various combinations of wind speed and direction. 
Wind Direction at 




(true) 197 0 -
(mag) 220 0 -
(true) 237 0 
(mag) 260 0 -
(true) 277 0 -
41 °55'N, 112'108'W 
4~'N, 111~'W 
S. 41OS1'N, 111019'W 
4. 41~~, 11~2'W 
2200 (A) A-I 
2370 
260 0 (B) B-1 
277 0 
3000 (C) C-I 
3170 
This experimental target area had the highest 
density telemetry network within the overall area 
covered by the total network. Telemetering stations 
lying within the experimental target area includeli: 
006 TOllY Grove Ranger Station 
008 Petersboro 
012 Cinnamon Creek 
015 Clarkston 
017 Hell Canyon 
020 Curtis Creek 
025 Herd Hollow 
026 Providence Traps 
044 Hyrum Dam 
046 Tony Grove Lake 
066 Hardware Ranch 
068 Paradise Canyon 
070 Bug Lake 
071 Deer Springs 
11B Klondike Narrows 
152 Trigara Springs 
155 Utah Water Research Laboratory 
164 Sinks 
In order to obtain as many seeded periods as 
possible within a random design, the minimum length 
of storm period which would provide measureable 
precipitation in both the seeded and non-seeded time 
blocks was determined. Climatological records com-
piled by UWRL were examined for indications of 
precipitation periods. It followed that an 8-hour storm 
period could be expected to contain two 4-hourly 
precipitation amounts suitable for detection by the 
telemetry system, so that proposed seeding tech-
niques might be evaluated. A 4-hour sampling unit 
was also within the capability of a single pilot and 
single aircraft to carry out. 
It was decided to use a 4-hour sampling unit with 
randomization in blocks of two. When an 8-hour 
operational period was forecast to exist, a randomized 
decision whether to seed the first or second 4-hour 
time block was then made. The other 4-hour time 
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Wind Speed at Seeding Altitude (Knots) 
11-21 21-31 31-42 42-S2 
A-2 A-3 A-4 A-S 
B-2 B-3 B-4 B-S 
C-2 C-3 C-4 C-S 
block was left non-seeded. Within the designated 
4-hour seeded block, actual seeding was conducted 
during the first two hours, the last two hours 
providing a "purge" time for seeding material. 
Seeding was accomplished by AgI pyrotechnics 
(Olin R-15) mounted to the aircraft. According to 
manufaeturing sfr.ifications this pyrotechnic was 
approximately 10 effective nuclei per gram of AgI at 
-15OC. Seeding rates varied from about one to three 
grams per minute with most seeding accomplished at a 
rate of two grams per minute, or 120 grams per hour. 
3.2 Ground Baaed SeecUag 
3.2.1 Della'iption of Equipment. As part of the 
Bureau of Reclamation's project Skywater, a three 
year ground-based seeding experiment was conducted 
in the Northern Wasatch Mountains. In this experi-
ment three mountaintop silver-iodide generators were 
used to seed on a random basis cold orographic clouds 
which meet certain meteorological criteris (Hill, 1974). 
The design of the ground seeders was based upon 
Weather Measure ground generators. These genera-
tors were extensively modified to ensure their reliable 
operation and to permit remote control by use of the 
telemetry system. Each of the seeders had several 
monitoring devices which were read out at UWRL. A 
summary of the monitoring system is given in Table B. 
Each of the seeders emitted about 25 gm h-l of 
AgI, or a total of 75 gm h- l . The AgI was complexed 
with NaI in order to go into solution in acetone. The 
resulting fluid was sprayed into a propane flame to 
produce particles of AgI. 
An automatic ignition system was designed and 
installed in the Willard seeder. This ignition system 
created a spark every 60 seconds at times when a 
temperature sensor indicated the propane flame 
should have been on but had been extinguished. The 
passage of vigorous cold fronts and other wind 
producing situations was the usual cause of flameouts. 
The Pisgah and Cache Peak seeders were not usually 
subject to these flameouts. The Willard Peak seeder, 
the highest of the stations, had frequent flameouts 
prior to installation of the automatic ignition system. 
3.2.2 Seeding Experiments. During moist wes-
terly flow conditions, a period of from four to eight 
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hours was declared seedable. Then, by random choice. 
it was decided whether or not to seed. If seeding was 
done, all three seeders were activated two hours prior 
to the designated starting time and continued until the 
end of the period. The first of two-hourly rawinsondes 
was released at the start of the period. Telemetered 
precipitation data were recorded at 2O-minute 
intervals as soon as an event was declared. usually a 
minimum of four hours prior to the start. After four 
hours following the event data were collected once an 
hour for an additional 24 hours to check overall data 
quality. 
The conditions required to declare an event were 
that precipitation be primarily orographieally induced 



























mb relative humidity exceed 70 percent with the wind 
at both 700 and 500 mb between 220 and 320 degrees. 
An event is considered orographic if no front, 
cyclone, or strong convective activity were nearby 
during the period. Because some such events 
inevitably were included in the data set, objective 
means to identify these events have been devised. 
The physical layout of the second Wasatch 
experiment, consists of a base station at Logan. Utah, 
a rawinsonde site at Mendon, a vertical incidence 
cloud detection unit at Hill Air Force Base (data 
utilized. but not formally a part of the system), and 
eleven automatic telemetering precipitation gages. 
The eleven precipitation stations form two north-
south lines of gages in high terrain. Analysis of data 
collected for this experiment will be given in Section 7. 
4.0 THEORETICAL STUDIES 
4.1 Physieal Basis for Cloud SeediDg 
The physical basis for seeding cold orographic 
clouds may be examined and defined by investigating 
processes controlling the total water budget of these 
clouds. The following development is due to Chappell 
(1970). 
The total water budget of a parcel of air may be 
written as 
dq + ~ + ds = 0 ............................. (1) 
dt dt dt 
where q is the vapor mixing ratio, 1 the liquid mixing 
ratio and s the ice mixing ratio of the parcel. 
The total water budget equation may be 
considered during various stages in the transit of a 
parcel over an orographic barrier as shown in Figure 
7. For parcels moving in the sub-cloud layer, time 
variations of the parcel moisture quantities are given 
by 
dq = dl = ~ = 0 ............................. (2) 
dt dt dt 
Equation 2 states that until saturation with 
respect to water is attained, the vapor mixing ratio is 
conserved and there is no formation of liquid water. 
Also growth of ice particles in the sub-cloud layer is 
negligible. For parcels with upward trajectories in the 
cloud system, the time variations of the parcel 
moisture quantities can be written as 
dq = dqs ..................................... (3) 
dt dt 
dl = _ dqs _ n dm ............................. (4) 
dt dt C dt 
and 
ds = n dm ................................... (5) 
dt C dt 
where qs is the saturation vapor mixing ratio, nc is the 
number of ice crystals per unit mass, and m is the ice 
crystal mass. Equations 3 and 4 apply best for zero 
supersaturation with respect to water. 
Equation 3 shows that time variations of the 
vapor mixing ratio during the in-cloud stage are 
equivalent to changes in the saturation vapor mixing 
ratio of the parcel. Equation 4 gives the time variation 
of the liquid water content of the parcel as an 
imbalance between the vapor supply rate and the rate 
of ice growth in the parcel. Equation 5 gives the rate 
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of ice growth in the parcel as the time change in 
crystal mass multiplied by the number of ice crystals 
per unit mass. 
When parcels begin their downward trajectories 
in the cloud exit region, time variations of the parcel 
moisture quantities can be expressed by the following 
equations which apply until all liquid and solid 
condensates have evaporated. These equations are 
dq = dew + dej .............................. (6) 
dt dt dt' 
dl = _ dew ................................... (7) 
dt dt' 
and 
ds = _ dej .................................... (8) 
dt dt 
In these equations dew/dt and dei/dt are the rates of 
evaporation of liquid water and ice form in the parcel, 
respectively. 
If it is now assumed that precipitation fallout from 
the parcel is in ice form, the following conservation 
equations apply over a parcel trajectory that 
originates in the sub-cloud layer, extends upward in 
the cloud updraft and doWnward through the cloud 
exit region until all liquid and solid condensates have 
evaporated. These equations are 
dqs + dew + dej + dj 0 ....................... (9) 
dt dt dt dt ' 
~~ = _ d~s -nc ~7 _ d:~ = 0, ................. (10) 
and 
dm dej di 
n - - - - - = 0·········· ................ (11) 
c dt dt dt 
The net rate of ice growth over the parcel 
trajectory or equivalently, the snowfall intensity 
following the parcel is given by di/dt. 
Both Equations 9 and 11 give expressions for this 
quantity, namely 
~ = n dm _ dej = _ dqs _ dew _ dej ............ (12) 
dt C dt dt dt dt dt 
From Equation 10, a relation designated the "rate" 
equation is given by 
p 
Figure 7. Total water budget in orographic flow with hypothetical air parcel trajectory. 
d:; = _ d;S _ fie ~7""""""""""""" (13) 
where 
and 
dew dm dqs (it 0 for fie dt = dt 
Equation 13 shows that if the rate of vapor 
supplied to the ascending parcel is greater than the 
extraction rate due to ice crystal growth, there is an 
evaporation of liquid water in the cloud exit region. 
This evaporation loss arises due to accumulation of 
liquid water in the parcel through cloud droplet 
growth during its ascension. On the other hand, if the 
extraction rate of liquid cloud droplets by ice crystal 
growth is equal to the rate of liquid water formation in 
the ascending parcel, there is no net accumulation of 
liquid water and consequently, no evaporation of 
liquid droplets. 
From Equation 13 it follows that a desirable 
condition, for minimizing losses and maximizing the 
cold cloud precipitation process, is for ice growth to 
occur at a rate equivalent to the vapor supply rate. 
Further, it is advantageous to have this conversion of 
cloud water to ice occur at water saturation, since this 
degree of cloud supersaturation provides for highest 
diffusional growth rates of crystals without a net 
growth of liquid water droplets. Thus, a process is 
envisioned wherein the vapor is converted to ice using 
liqiud droplets as a "buffer" or "catalyst" in the 
reaction. 
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The ultimate in cloud seeding operations would be 
to individually treat the various cloud parcels as they 
traverse through the orographic cloud system 
according to their immediate requirements. However, 
the technology to accomplish this does not exist, nor 
would it be economically feasible to attempt this, even 
if cloud requirements could be specified in such 
accurate detail. It would be more compatible with 
present technology to treat a cloud in its entirety. A 
mathematical formulation consistent with this ap-
proach may be developed if it is required that (1) 
steady state conditions apply, (2) temperature 
changes due to horizontal advection are small. (3) 
cloud base and top are nearly horizontal surfaces and 
(1) Equations 12 and 13 are satisfied when averaged 
over the cloud segment. 
Converting Equations 12 and 13 into terms of unit 
volume. and averaging over the cloud segment. they 
may be written 
dl = N dm dEj -wp ~pS _ dEw _ dEj ....... (14) 
dt e dt dt aD 
and 
dEw _ wp oqs -N dm .... , ......•......... (15) 
dt - - op e dt 
where the bar signifies an average over the cloud 
segment and the capitalized letters indicate quantities 
per unit volume. 
Equations 14 and 15 demonstrate the possible 
effects of seeding supercooled orographic cloud 
systems. In Equation 14 it is seen that the 
precipitation rate can be augmented by increasing the 
rate of ice growth in the cloud system, or Nc(dm/dt), 
providing that the loss due to ice crystal evaporation 
does not increase correspondingly (this would happen 
in the case of overseeding). However. Nc(dm/dt) 
cannot exceed the rate at which vapor is supplied to 
the cloud system, or - w p( 0 qs/ 0 pl. It is. therefore. 
possible, under a certain set of meteorological 
conditions, that the vapor supply is efficiently 
converted to ice growth. and snowfall augmentation is 
not possible. On the other hand, under those 
meteorological conditions where the rate of ice 
growth, Nc(dm/dt) is less than the vapor supply rate 
- WP( ~ .. ~n?p). it is possible that a potential for 
snowfall augmentation .exists. 
Variation with temperature of the rate of ice 
growth in the cloud system Nc(dm/dt), is mainly 
controlled by the ice crystal concentration term. 
Further. the effectiveness of primary ice nuclei in 
initiating ice crystal embryos controls the ice crystal 
concentrations in the cloud system in the absence of 
substantial ice crystal multiplication processes. Since 
the concentration of effective pri.m.a:r,y ice nuclei is 
crudely an inverse exponential function of tempera-
ture (tenfold increase for every 4 OC or 50 C decrease in 
temperature), cloud system temperature appears to 
largely control the availability of weather modification' 
potential. If artifieial ice nuclei. more effective at 
warmer cloud temperatures than natural ice nuclei. 
are introduced into the cloud upwind of the mountain 
barrier, increased snowfall should result for these 
warmer cloud systems. 
1'he modification potential associated with these 
microphysical processes is usually designated the 
"static modification potential" (SMP). However, it is 
possible under certain conditions that seeding may 
alter buoyancy effects within the cloud by changing 
the latent heat release in ascending parcels. In turn, 
this might warm the cloud system, increase cloud tops 
or alter the vertical motion field over the orographic 
barrier. The overall result could be to change the rate 
of vapor supply or cloud geometry during seeded 
conditions. The modification potential associated with 
these particular dynamic effects is called the "dynamic 
modification potential" (DMP). 
A goal for seeding cold orographic clouds, 
therefore, is to introduce artifieial ice nuclei into those 
cloud systems. whose natural supply of ice crystals is 
insufficient to convert the liquid water forming in the 
cloud system to ice form at the same rate. This 
equality can be expressed using only the mean terms 
arising from the average proeedt.i'Ei by 
-din N - = - wp - ........................... (16) 
c dt op 
and solving for the ice crystal concentration, 
_ wp oqs / dm .......................... (17) 
op 
Use of the mean terms only, that arise from the 
averaging procedure. has been shown by Chappell 
(1970) to describe the cloud processes adequately as a 
first approximation. 
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Assuming a one-to-one correspondence between 
ice nuclei and ice crystal concentrations. the concen-
trations of ice nuclei needed to make the ice process 
efficient within the cloud system can be computed 
from Equation 17. 
The concepts and theory outlined in this section 
provide a physieal foundation for supercooled orogra-
phic cloud seeding and numerous hypotheses to be 
tested by field experimentation. 
4.2 MIxed Phase Clouds 
Cloud supersaturation is a critieal factor in 
defining the modification potential of cold orographic 
clouds. When a water-phase cloud is supersaturated 
with respect to water, water droplets will grow. Some 
of the liquid water accumulated in an updraft may 
evaporate in the subsiding air in the lee of the 
mountain barrier. This liquid water is therefore not 
converted to precipitation in the vicinity of the 
mountain. On the other hand when an ice-phase cloud 
is supersaturated with respect to ice. ice crystals will 
grow. and as with cloud droplets, may not reach the 
ground. 
During the time interval when a water cloud is 
converted to an ice cloud. i.e., during the glaciation 
process, the saturation vapor pressure falls rapidly 
from a value close to the equilibrium vapor pressure 
over water to that of ice. It is during this period that a 
large amount of precipitation-size particles develop. 
Because water is deposited upon available ice particles 
the size of the resulting snowflakes will depend 
partially upon the number present. Furthermore. 
there is an additional supply of moisture available for 
precipitation in changing from a water phase to an ice 
phase cloud. 
If in the natural atmosphere an insufficient 
number of ice particles are present to cause 
substantial glaciation. then the addition of artificial ice 
nuclei may induce both complete glaciation and 
enhance precipitation as described above. 
In addition to recognizing situations wherein the 
introduction . of artificial ice nuclei . may lead to 
enhanced precipitation. it is also important to take 
into account the duration that the glaciation process 
requires. When artifieial ice nuclei are placed into a 
completely water-phase cloud. a period between about 
five minutes to an hour is required for glaciation. The 
factor controlling this period is again the concentra-
tion of ice nuclei. 
In the following work (Chappell and Johnson. 
1974). cloud supersaturation is treated as a time 
dependent quantity. so that targeting of snowfall can 
be represented realistically. A time dependent 
equation for supersaturation with respect to ice in a 
mixed-phase cloud was presented by Juisto and 
Schmitt (1970), and Juisto (1971). Juisto developed a 
cold-doud microphysical model that incorporated 
cloud-supersaturation variations as a funetion of time. 
In this model, it was assumed that a single layered 
cloud was at a constant temperature, and ice-nudei 
concentrations were arbitrarily chosen. 
An equation expressing the time change of 
supersaturation with respect to ice was developed as 
follows: 
dSi dZ dW dI 
- '" I/> - - I/> - -1/>3 - ...••••..•••••...• (18) 
dt 1 dt :2 dt dt 
I/> ., e€LcLs + Rd T ...•.............•........ (20) 
2 esiCpPT €esi 
e€LS2 RdT 
1/>3 " e ·C PT + -- ...................... . 
SI P €esi 
(21) 
e = vapor pressure 
~i = saturation vapor pressure with respect to ice 
Up = specific heat of dry air at constant pressure 
g = gravitational constant 
Ls = latent heat of sublimation 
Lc = latent heat of condensation 
Rd = specific gas constant for dry air 
T = temperature (OK) 
€ = ratio of molecular weight of water vapor to 
molecular weight of air 
P = atmospheric pressure 
Sj = (e/csi) - 1 
The three differentials in Equation 18 can be 
expressed as 
dW ldm) ill" Nd ill 
d 
'" time rate of change of water ..... (22) 
dI = N (dm) = time rate of change of ice ....... (28) 
dt c dt c 
~~ = U " updraft speed ....................... (24) 
in which 
Nd = number of droplets 
Nc = number of crystals 
= = time rate of change of mass 
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Numerical integrations of Equation 18 were 
applied to a parcel of air with a specified updraft speed 
over a particular time interval. Initial atmospheric 
parameters in all cases studied were: 
T = -20OC 
P =800mb 
~j = .215 3 
Nd = 300 cm-
rd = 7 lL 
rc = .1lL 
The time steps used in the integration (Runga-
Kutta scheme) were: 
.01 sec for ice crystal mass < 5 x 10-8 
.1 sec for ice crystal mass < 5 x 10-7 
1 sec for ice crystal mass > 5 x 10-7 
The results of these integrations are shown in 
Figure 8, wherein cloud supersaturation with respeet 
to ice is given as a mnetion of time for various 
ice-nuclei rncentration with updraft speeds of 5 and 
20 cm sec- . The most striking feature of these graphs 
is the rapid drop in supersaturation which occurs 
during giaciation. For ice-nuclei concentrations of 
around 500 to 1000 per liter glaciation occurs in about 
5 minutes, whereas with 50 to 100 per liter glaciation 
is delayed until about 15 minutes. With 5 to 10 per 
liter glaciation is delayed until well over a half hour. 
We may conclude from these calculations that 
when large amounts of ice nuclei are present, i.e., at 
relatively cold temperatures. the time required for 
glaciation should have little effect upon targeting. On 
the other hand for the same concentration of silver 
iodide al; relatively warm temperatures, not only is 
the number of active ice nuclei much less than at cold 
temperatures. but the time required for growth to 
precipitation-size particles is greatly extended. Be-
cause it is at the warmer temperatures that we expeet 
a potential augmentation of precipitation. we must be 
concerned with the time delay required for glaciation 
when answering questions regarding targeting. 
4.3 CIoacl TapB aDd Temperatures 
In an anslysis of cloud seeding effeetiveness 
(Chappell et al .• 1971) the criterion for determining 
cloud top height and the corresponding cloud top 
temperature is based upon the relative humidity 
profile. It was assumed that a cloud top is found at the 
height where the relative humidity decreases to 80 
percent. This assumption has been reexamined. 
The most obvious question relating to the 80 
percent criterion is: Why not 100 percent? The only 
rstional answer is that because the ice saturation 
vapor pressure at temperatures normally found in the 
mid- or upper troposphere during winter is about 80 
percent of the saturation vapor pressure over water. 
This criterion is not a valid one to use in 
establishing cloud top temperatures for use in the 
25r---------------------___ ------~ 
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Figure 8. Clwd BUperBaturation wit", re8pect to ice 
ver81U time. CunJe8 are 8Aoum for varioUB 
ice C11/8tal concentrati&n8 wit", an updro,ft 
8peed of (A) 5 em/8ec aM (B) !O cm/lie. 
analysis of seeding effectiveneS.!l. The reason is that 
the use of a constant value of 80 percent leads to large 
errors. To correct these difficulties a simple theoreti-
eal basis for determining the relative humidity for ice 
saturation is provided. 
A theoretical development which expresses the 
dew point depression for ice saturation is as follows 
(Hill, 1974). The mathematical expression for ice 
saturation with respect to water, or the relative 
humidity at ice saturation, is well known. The formula 
is derived from an integration of the Clausius-
Clapeyron equation. If the variation of latent heat 
with respect to temperature is neglected in the 
integration, the result is 
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where r is the relative humidity, esi and esw are the 
ice and water saturation vapor pressures, respec-
tively, at temperature T; To is a base temperature 
(273K), eo is the vapor pressure at To' Rw is the gas 
constant for water, and L and Lj are the latent heat of 
condensation and sublimation, respectively. 
This same relative humidity may be expressed in 
terms of vapor pressures over water at different 
temperatures, one at the dew point temperature Tn, 
the other at temperature T. This expression is 
..........•...... (26) 
U the two relative humidities are equated then we find 
(T-To)Y = (fnTo)L .......................... (27) 
T Tn 
We now define Ll T = T-Tn, where Ll T is the 
commonly known dew point depression. In particular 
Ll Ti is the dew point depression at ice saturation. 
After several algebraic manipulations, we obtain the 
formula 
- ~) 
___ --.!..--..;L1:.;...· •• , .••••.•••••••••••••• (28) 
+ (1 t) 
This equation expresses the dew point depression 
between water and ice saturation. 
To show the relationship described by Equation 
28, b. Ti versus temperature is shown in Figure 9. This 
graph reveals the rather remarkable result that the 
dew point depression between water and ice 
saturation is nearly a IIaear function of temperature, 
and of course, independent of pressure. The chief 
virtue of Equation 28 is that a rawinsonde sounding 
may be inspected easily to check for appropriate 
observed b. Ti's. 
In evaluating effects from cloud seeding, we are 
interested in determining whether clouds are com-
posed mainly of liquid supercooled drops or ice 
crystals, or perhaps a cloud layer of ice crystals above 
a cloud of liquid drops. In the application of Equation 
28 there is no guarantee that a cloud is present even if 
the observed dew point depression is equal to or even 





Figure 9. Dew point depression at ice BatUnltion 
tier ... tempenlture. 
no cloud present and the dew point depression 
happens to be 6. Ti' This ambiguity is, of course, 
present in the method using a fixed relative humidity 
criterion of 80 percent. 
It is worthwhile to note that 6. Ti is equivalent to 
a relative humidity of 80 percent at a temperature of 
about -24oC. At warmer temperatures than -2400 the 
relative humidity is greater than 80 percent and at 
oolder temperatures. less than 80 percent. 
4.4 Diffu8IoD 
4.4.1 DiffasiOD from aD IDfiDfte Liae Source. 
The development of a procedure for estimating 
downwind concentrations from an airborne, horizontal 
line source was developed. The basic equation 
provided by Turner (1969) for a continuous finite line 
source was selected and modified to include Gaussian 
variations in concentrations. It may be written as 




r _1_ exp (.O.SpZ) dp ................ (29) L 21T 
PI 
where q is the source strength per unit distance (g 
see-1m- I ), CL is concentration, TA and SA are target 
and seeder altitudes respectively, u is the mean 
horizontal wind speed, a z is the standard deviation of 
plume concentration distribution in the z direction, 
and PI = 11/ a y' and P2 = Y2/ a y' 
The seeding path is taken in the y direction 
(crosswind). The equation applied for values of y 
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betweenYl and y~, where Yl is less than y~. When the 
seeding rate, atrcraft speed, mean wmd speed, 
effective particles per gram, target and seeding 
altitudes, and plume angle are specified. one may 
compute concentrations on a grid. 
Calculations based upon computed diHusion 
constants were performed to describe the distribution 
of active ice nuclei resulting from aircraft seeding 
plumes. In these calculations mass diffusion from a 
unit length of a series of instantaneous. infinite line 
sources of silver iodide was found. The activation 
spectrum as a function of temperature was also 
included in the calculations. Values of active ice-nuclei 
concentrations were found for various elevations for 
particular vertical temperature profiles and values of 
7flrtical velocity. To transform the calculations from a 
Lagrangian to an Eulerian system, constant'horizontal 
wind speeds were used. It was assumed that there are 
no losses of nuclei from any process. In addition. 
terrain influences have been ignored. 
Detailed calculations of active ice· nuclei concen-






Horizontal wind speed 
-100C 
5C/km 
3 km. (10,000 tt) 
25 cm/see 
15 m/s-
The diffusion constants used are Kx = 1000 m2 
see-l and Kz = 200 m2 see-I. The temperature 
activation spectrum is that for the Olin R-15 
pyrotechnic. All calculations are based on an aircraft 
speed '(If 100 kts and seeding rate of 120 gm hr-l . The 
results are shown for a distribution of seeding 
material fifteen minutes after the completion of eight 
seeding passes each fifteen minutes in duration over a 
fixed ground track. 
In Figqre 10, the x-z cross· section of the maslil 
distribution is shown by isopleths of 10-14 gm 1'1 
along with the maximum concentration. Applieation of 
the temperature activation spectrum to this distribu-
tion produces the results labelled B. Isolines in this 
figure are drawn for concentrations of five and ten 
active nuclei per liter. 
A rigorous description of the horizontal distribu-
tion of artificial ice-nuclei concentration is difficult to 
establi8h. In reality, aircraft seeding results in a 
zig-zag pattern of release with a subsequent complex 
mass distribution. The computations given herein are 
appropriate to the center of the tracks but are less 
realistic as the track ends are approached. 
Another problem arises because the line sources 
are not infinite in length. Over the duration of time 
considered, approximately two hours. this problem is 
most serious at the track ends but not as serious near 
the middle. To treat this problem we assume that 
lateral diffusion at the track ends is limited in the 
cross-wind direction by a half-angle spread. The 
half~angle spread is defined as one-half the angle of 
-5 
-e u = 15 m sec-l 
lI:: 
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Figure 10. A rtificial ice nuclei concentration GB aj;mction of downwind distance from airborne release. A: Mass 
01 silverwdide (lUll, gm t 1), dots are at center of1M8s; B: Active artijicialice nuclei (t1); outer, 5 
t 1, imler 10 tl. Data: seeding temperoture, -1000; mean verticalvelocittl, 26 cm/sec; lwrizontal 
velocity. 16 m/sec; time, 15 min after last of 8 seeding troverses. 
spread of one standard deviation of effluent distn"bu-
tion either side of the maximum concentration from a 
point source. For a diffusion constant K.:y=200m2 
see-land wind speed of 15 m see-1 this haII angle is 
about 15 degrees. In Figure 11 the shaded areas show 
concentrations of artificial ice-nuclei greater than 5 
per liter. Concentrations were first computed for the 
center of a seeding track and then extrapolated 
perpendicular to the wind until the half angles drawn 
from the ends of the seeding track were intersected. 
While this model is highly idealized it can roughly 
approximate the geographical extent of a given 
concentration magnitude. Furthermore, by varying 
environmental conditions, an analysis of the relative 
importance of various meteorological factors concern-
ing the placement of seeding material into critical 
parts of a cloud can be made. With the aid of such an 
analysis the approximate location of potential seeding 
eHects can be determined. 
4.4.2 DfffuioD From a PclDt Souree. As an aid 
in locating ground-based generator sites, and to 
evaluate these sites, a point source seeding model was 
developed. 
in the air over long periods of time, 4) the equation of 
continuity is fulfilled, i.e., none of the material is 
removed from the plume as it moves downwind, 5) a 
mean wind speed representative of the diffusing layer 
can be specified. and 6) transport instead of diffusion 
is the dominant process in the downwind direction. 
The sigma values «(J y and (J z) in the equation, as 
given in standard diagrams, are standard deviations of 
the effluent concentration distribution in the cross-
wind and vertical directions, respectively. These 
values were actually intended to apply to distances of 
a few hundred meters to about 10 km. However, 
Peterson (1968) reported that the lateral standard 
deviation of the plume fit reasonably well an 
extension of the Pasquill-GiHord neutral stability 
curve at distances up to 160 nautical miles downwind 
of the source. 
The Pasquill-GiHord expression for a continuous 
point source, assuming the eHective stack height is 
zero, can be written 
C (x,y,z) = _Q_ exp (112 .L 2)exp ('112 .l:-2) .. (30) 
1T(Jy(Jz U (Jy {Tz 
The Pasquill-GiHord model (GiHord, 1968; Tur· where 
ner, 1969) was chosen for application to Project 
Snowman seeding problems. This model assumes 1) C 
concial diffusion downwind with a Gaussian effluent x 
concentration distribution in both the crosswind and 
vertical directions, 2) the emission is continuous for a Y 
period of time which is at least equal to the travel time 
from the source of a downwind point in question. 3) z 
the diffusing material is a stable gas or aerosol (less 
than 20 microns diameter) which remains suspended Q 
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Concentration at a point (g m-3) 
Downwind distance from the source to the 
point in question (m) 
Crosswind distance from the source to the 
point in question (m) 
Altitude of the point i question above the 
source (m) 
The source strength (g see·I ) 
Figure 11. Areas with artificio.l ice nuclei coocentra-
tion greater than 5 per liter. Seeding 
track (heavy solid line) and areas of ice 
nuclei (heavy shading) extrapolated to 
half angre boundaries (dashed lines). 
u 
Standard deviation of plume concentration 
distnDution in the y direetion (m) 
Standard deviation of plume concentration 
distribution in the z direction (m) 
Representative mian wind speed affecting 
the plume (m sec- ) 
Sigma values increase with increasing instability 
and a is greater than a z' y = a defines the point 
at whilh the concentration is 0.6 01 the concentra.tion 
at the point y = 0 for the same altitude. y = 2.14 a y 
defines the 0.1 concentration point. In a sim.i.l.ai' 
manner, Z = a z and Z = 2.14 a z define the 0.6 and 
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0.1 concentration points for locations at different 
altitudes in the respective x-z planes. Values for (J y 
and a z can be taken from standard diagraQ18. 
On the basis of plume tracking experiments 
conducted over mountainous terrain in Colorado and 
in the Wasatch Mountain area it appears advisable to 
compute sigma values from observed diffusion angles 
rather than those applicable near the ground over 
smooth terrain. The concept of a Gaussian distributi<>tl 
for the effluent concentration appears reasonable, 
however. 
As a tool for assessing the effectiveness of 
seeding from selected sites, at selected rates, a 
computerized procedure was developed which applies 
the Pasquill-Gifford relationship to obtain seeding-
agent concentrations at selected points. The points 
selected are the three seeder sites. Concentrations 
were computed for releases from each seeder site 
under various wind velocities. 
A target grid composed of 10-minute intervals 
ranging from 410N to 420N and from 1110W to 11~ 
was used. All target grid stations were assumed to be 
on a level surface with separate calculations made for 
3050 m msl, 3660 m msl, and 4270 m msl. Target minus 
source altitudes define the values of z in the equation. 
Seeding rate was taken to be 25 g hr-1 with 1014 
effective particles per gram assumed. Changes in 
either effluent output or particle production can be 
accounted for by multiplying the results of these 
calculations by appropriate ratios. Separate calcula-
tions were made for winds from the west, northwest, 
and southwest with a wind speed of 10 m see- . 
Changes in the wind speed can be accounted for by 
multiplying the results of the calculations by 
appropriate ratios. a y and a z. were calculated from 
assumed dispersion anglelJ (Beta), which are the 
angles between the two 0.1 concentration points and 
the source. 
5.0 DATA REDUCTION AND SYSTEM ANALYSIS 
5.1 Telemetered Precipitation Data 
5.1.1 Calibration and Convendon to Predplta-
don Values. Telemetered precipitation data were 
registered by the automatic readout console (ARC) in 
terms of electromagnetic periods. These were 
converted to precipitation values using a different 
calibration curve for each station and season. During 
the aircraft seeding program the calibration for an 
individual station was represented by a fifth order 
curve relating electronic period with the amount of 
water in the can. This procedure was changed for the 
ground seeding program, because it was found that 
equipment problems could be detected by the revised 
technique. 
In the later calibration technique, the difference 
in electronic period versus the amount of water added 
was used. An example is shown in Figure 12 for a 
relatively well functioning gage. On the other hand, 
erratic behavior of the period differences was 
interpreted to mean mechanical or electronic difficul-
ties, usually the former_ When erratic changes in 
period were found, a station would be re-examined 
and rebuilt if necessary. 
To be certain that a station would operate 
properly, not only was a calibration redone, but at 
several stages of loading, a finely tuned calibration 
was made. That is, the electronic period was recorded 
while small amounts of water were added, each 
addition being the equivalent of -1)06 inch of 
precipitation. If the response to this refined calibra-
tion at three stages of loading was not a smooth one, 
further work was performed. When telemetered data 
were computer processed both the calibration data 
and the telemetered precipitation data were printed 
out. In addition to the precipitation amount and 
electronic period, a number ('f other values were 
displayed on the printout. Among these were the 
hourly precipitation rate and the fraction of water 
accumulated in the can compared with the maximum 
amount. A winter recharge was necessary in cases 
when the fraction approached unity. 
5.1.2 Data Quality Analysis. All telemetered 
precipitation data along with the recording-gage data 
from several stations were computer plotted on 
graphs so that editing and standardization between 
stations with widely differing seasonal totals could be 
accomplished. The graphical plots are of two types, 
one for gross editing and the other for detailed editing 
and measurements. 
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In the first type of graphical display a whole 
season's data is presented on one graph with 10 inches 
of precipitation shown by a I-inch vertical spacing on 
the graph. Each eight hours is shown on the graphs by 
a one-tenth inch horizontal spacing. From such graphs 
the seasonal amount of precipitation is readily found. 
In addition spurious data and other gross anomalies in 
the data, such as a failure of the weighing device, are 
easily recognized. 
In the second type of graphical display each 
month's data is plotted on a graph with one inch of 
precipitation shown by a I-inch vertical spacing on the 
graph and an eightfold expanded time scale. From 
these graphs a detailed evaluation of data is 
facilitated. Four-hour amounts of precipitation can be 
read to a hundredth of an inch. In addition situations 
in which the accuracy of the data is questionable are 
easily recognized. These cases were either eliminated 
from the analysis or the data corrected when possible. 
Two important sources of errors were encoun-
tered; one source of error is generated by snow 
sticking to the side of a can. The excess amount was 
determined in some cases by the amount of 
subsequent meltoff; otherwise that data were re-
moved. Another problem arose when the weighing 
mechanism stuck and did not respond to the increased 
weight from incoming precipitation. If mechanical 
sticking resulted in a succession of short steps on the 
graphs the data were corrected, otherwise the data 
were removed. Whenever data were corrected, a 
coded notation was made on both the recording data 
sheets and on the areal displays of individual cases. In 
this way corrected data could be recognized and 
evaluated in terms of surrounding values. 
5.1.3 Analysis of PrecipItation Data. Edited 
precipitation data may not be linearly interpolated 
reliably between stations because of the large 
variations associated with elevation and slope. On the 
other hand, data which have been standardized 
according to the total seasonal amount can be 
interpolated between stations rather easily. Further-
more, the standardized values, when added together 
for statistical evaluation, each contribute more 
uniformly than do the unadjusted values. 
Standardization of telemetered precipitation data 
is accomplished in the following way. For a particular 
station the amount of precipitation between each 
November 1 and March 31 is multiplied by a certain 
factor to obtain a 10 inch fall. For example, if a station 
I I I 









Figure 12. Sample calibration curve for telemetry 
dn.ta:differences in electrMllic penoo 1,.::r-
B'UB amount of water added. 
received a 20 inch fall the factor would be .50. In the 
subsequent year the factor might be say .86. If in the 
second year a factor of 1.6 more precipitation fell over 
the whole target area than in the first year then the 
factor of .86 would be multiplied by 1.6 to give .64. 
Then the two factors .tiC> and .64 are averaged to give a 
final standardized value of .62. 
In the stand~tion calculations carried out for 
the three years' data, fiscal year 1970 was chosen as 
the reference year. Either of the other years could 
have been used. and the results would differ only by a 
constant. The results show that if the scaling factor for 
FY 70 is 1.00 then it is 1.53 for FY 71 and 1.34 for FY 
72. A list of final standardization factors is presented 
in Table 4; these factors are also presented in Figure 
13. 
To use these factors all four-hour amounts of 
precipitation are multiplied by the standardization 
factor appropriate to each station. Areal charts of 
actual and standardized values for a particular case 
are presented in Figures 14 and 16. respectively. The 
relatively irregular variation of the actual values 
compared to the standardized values found in this 
example is typical. 
5.2 SapportlDg Meteoroloafeal Data 
5.2.1 BID AFB Radar, Surface ad Upper Level 
Obaervatiou. The most important meteorological 
parameters that affect the distribution of seeding 
material as well as possible seeding effects are the 
wind speed and direction at upper levels. the 
minimum cloud temperature. usually found at cloud 
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Table ... Standardization factors by station. 
Standardization Standardization 
Station Factor (fT) Station Fabtor (fT) 
2 0.988 65 0.652 
6 0.840 66 1.260 
8 1.649 68 0.509 
12 0.824 70 0.618 
15 0.698 71 0.533 
16 0.418 78 0.807 
17 0.475 80 0.486 
20 0.484 113 1.015 
21 0.638 124 0.644 
25 0.714 132 0.487 
26 0.440 146 2.995 
29 0.599 147 0.489 
44 1.292 152 0.527 
45 0.535 164 0.499 
46 0.310 188 1.244 
49 0.342 189 1.626 
50 0.580 190 1.405 
63 1.028 572 2.005 
Figure lB. Geographical distribution of precipitation 
standardization factor. 
top. and the amount of moisture available to the cloud. 
To determine cloud top temperatures and their time 
variation. both rawinsonde and vertical incidence 
radar data are used. Visual observations of cloud 
bases along with rawinsonde data are used to establish 
the cloud-base moisture content. 
Figure 1-+. Areal distribution of mea8Ured precipita· 
tionfor sample cases: four hour precipita· 
tionfor case no. -+·1 FY 70 (Dec. 21. 1969. 
2100·0100 MS'/'). 
It was found from radar data, measured at Hill 
Air Force Base. that the cloud tops sometimes varied 
by several thousand feet. or in terms of temperature 
by 100 C to 2()OC in a period of four hours. In such cases 
this large variability must be taken into account in any 
evaluation. 
To show how these meteorological parameters 
are determined a typical time plot is shown in Figure 
16. Included in the figure is an eight-hour operational 
period and the hourly weather reported from Ogden. 
The heights of the observed c1t.'ud bases and radar 
tops for overcast conditions are outlined in solid. 
Broken clouds are similarly indicated but with dashed 
lines. From rawinsonde dats several additional 
quantities are plotted. These are the temperature and 
saturation mixing ratio at two thousand·foot intervals 
and cloud tops estimated by the height where the 
relative humidity drops below ice saturation with 
further ascent. 
In addition to the hourly surface observations at 
Hill AFB, similar observations were available from 
surrounding National Weather Service stations. 
Detailed surface observations were also taken at the 
rawinsonde site in Cache Valley. 
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Figure 15. Areal distribution of standardization 
precipitation for sample case: four hour 
precipitation for case no. -+·1 FY 70 (Dec. 
21. 1969. 2100·0100 MS'/'). 
Upper level wind. temperature. and humidity 
data from the National Weather Service network of 
rawinsonde stations were available regularly. Rawin· 
sonde measurements were also made at times during 
operational events. 
5.2.2 Cloud Structure _Ita VariahDity. One of 
the objectives in analyzing rawinsonde and vertical 
incidence radar data is to obtain the temperature at 
cloud top. In one method rawinsonde data alone are 
used to find an ice cloud top temperature. In another 
method vertical incidence radar data are used to find 
the cloud top height. and the cloud top temperature 
may then easily be found by using rawinsonde 
temperature data. 
In either approach, the dew point depression may 
be used as a basis for estimating whether the cloud is 
ice or supercooled water. If the dew point depression 
is equal to that appropriate for ice saturation and the 
level is within the cloud. then it is supposed that the· 
cloud at that level is composed primarily of ice 
crystals. If the observed dew point depression is 
substantially less than the difference between the 
ambient temperature and the dew point at ice 
saturation. then it is supposed that a significant 
EIGHT HOUR OPERATIONAL PERIOO 
4 I 
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Figure 16. Cloud characteristic. as a fU/llCtitm of 
Thus, analysis of vertical incidence radar data 
shows that during operational events of the airborne 
experiment, the cloud top temperature varied by a 
standard deviation of SoC during four-hour intervals 
and SOC during eight-hour intervals. In a few 
instances the variation was greater than 20°C. 
Therefore. it is clearly evident that if moisture 
parameters are found from rawinsonde data frequent 
releases of the rawinsondes are required. 
The internal characteristics of cloud systems may 
also undergo large changes over a period of several 
hours. A cloud composed almost wholly of supercooled 
water may become well supplied with ice crystals in an 
hour or two. Whether such an event could be 
appropristely classified according to a single tempera-
ture is questionable. 
5.2.3 AoaIyIliB of MeteoroJockal EVeDg. An 
important aspect of an evaluation of a cloud seeding 
program is related to the type of storm. For cold cloud 
systems in mountainous regions there are essentially 
four types: orographic. frontal, convective, and 
cyclonic. More than one type may exist simultane-
ously. The significance of identifying cloud systems 
according to types is both their respective ability to 
produce precipitation and the representativeness of 
height and hme reported by Hill Air 30,---,------r----,..-----,----,----, 
Force BaBe radar: Case 1W. 4-1 FY70. 
amount of water is present. Although the humidity 
element is probably affected by significant amounts of 
supercooled water, the very presence of the condition 
is probably sufficient to identify clouds containing 
significant amounts of water. 
To illustrate the method of analysis ease 14 of FY 
74 is used as an example. In Figure 17 the time 
variation of cloud properties is shown as a function of 
elevation above sea level. The dashed line refers to 
cloud tops continuously measured by t.he Hill Air 
Foree Base cloud detection unit. The thin solid Jines 
indicate the temperature. The hatched area shows the 
region of zero dew point depression. The region with 
water vapor amounts between that of ice and water 
saturation is bounded by the solid curve and the edge 
of the hatched area. Thus the solid curve separates the 
regions below and above ice saturation. 
In this example. the radar data indicate that the 
cloud top is made up primarily of ice and that toward 
the end of the event the whole cloud is composed 
primarily of ice. Thus, by such an analysis of each 
event, an estimation of cloud composition may be 
made. The same analysis actually may be made 
without the vertical incidence radar data. However, 
the radar data not only provides an independent 
source of cloud top heights. but also provides detailed 
information on cloud top climatology. including its 
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Cloud moisture properties as a fu/nctitm of 
height and time: Case 1W. 14 FY 74. 
Rad4r cloud tQP' (dashed curoe) tempero-
ture (thin Bolid curoeB), supercookd 
water (hatched area), ice Baturatitm 
(heavy Bolid curoe). 
supporting meteorological data. In the former. a 
mixed set of data could be dominated by a very strong 
cyclonic storm which showed only weak precipitation 
potential according to predictions based upon meteo-
rological factors relating to moist orographic flow. In 
the latter, a convective situation could produce heavy 
precipitation, yet little potential might be evident 
from a series of rawinsonde observations. In general. 
there is a need to seek relative uniform sets of events. 
amenable to both diagnosis (by modeling) and 
representation by discrete measurements. 
To eIassify operational events, several definitions 
were established. For the airborne experiment an 
event was ealled convective if either cumulonimbus or 
thunderstorms were reported in the target area, or 
thunderstorms reported by radar. With the ground 
seeding program, convection was defined objectively 
from the rawinsonde data. This method will be 
described in Section 7.0. An event was ealled cyclonic 
if a frontal system existed near or south of the target 
area and a low pressure system was approaching or 
within the target area. Only a few such eases were 
found. Also, in events classed as cyclonic, the wind 
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criteria for an orographic ease were not usually 
satisfied; that is, the wind at low levels was from the 
south or southeast. But the main concern with cyclonic 
eases is that the large-seale vertical motion and 
moisture fields would result in anomalously high 
precipitation compared to what would occur in the 
absence of cyclonic effects. 
Frontal eases were identified first by inspection of 
the hourly wind velocity at Hill Air Foree Base. In cold 
frontal eases the wind characteristically shifted 
abruptly in a veering direction, e.g., from southwest 
to northwest. The wind shift criterion was verified by 
inspection of surface synoptic charts. A frontal 
intensity was assigned by first finding the cross 
product of the surface wind just after passage and the 
wind at 11,000 ft. This product is indicative of the 
amount of cold air advection. Then, the mixing ratio 
difference between cloud base and top in the three 
hours following frontal passage was used as a measure 
of the cloud depth associated with the front. The 
frontal intensity was found by taking the product of 
the wind cross product and the mixing ratio 
difference. 
6.0 ANALYSIS OF SEEDING EFFECTIVENESS-
AIRBORNE SEEDING EVENTS 
6.1 Data for AirborDe SeediDs ADalytds 
6.1.1 Telemetered PreeIpItatIon Data. The tele-
metered precipitation data were standardized as 
previously descnDed so that spatial variations of 
precipitation other than the dominant one of 
orographieally controlled precipitation could be em-
phasized. In other words. by reducing the large spatial 
variations due to orographic effects, any modification 
of precipitation due to cloud seeding would be more 
readily distinguished than otherwise. 
Areal charts of standardized precipitation for the 
three years' airborne seeding experiment were 
analyzed. That is, isopleths of 4-hour standardized 
precipitation were drawn, the limits of downwind 
lateral spread from the seeding track were marked on 
the charts, and the average value of standardized 
precipitation was found based upon reporting stations 
with acceptable data within the downwind region. For 
the unseeded eases, the upwind areal limit was the 
seeding track used in the seeded half of the 8-hour 
period; this choice of upwind limit for the unseeded 
half was intended to make the downwind seeded and 
unseeded areas comparable to each other. It should be 
noted that because the wind direction at seeding 
altitude and above varied significantly from ease to 
ease, the "target area" was in fact variable from ease 
to ease. 
All acceptable precipitation data downwind from 
the seeding track were used in the calculation of the 
standardized precipitation average. Previously, an 
attempt was made to pinpoint the specific area where 
seeding effects were expected. However, the precipi-
tation trajectories of seeded clouds would be subject 
to a relatively large uncertainty compared to the 
overall size of the target area. Slight or moderate 
differences in horizontal wind speed, vertical diffu-
sion, or minimum value of the required artificial 
ice-nuclei concentration would result in a significantly 
different precipitation target area. 
As a result of the above considerations, the 
upwind limit was taken to be the seeding track rather 
than a variable limit based upon diffusion calculations. 
With this procedure any seeding effects would be 
included within the area, even if the magnitude were 
reduced by the use of a larger area than theoretieally 
required. 
6.1.2 SupportiDa Meteorolot!rial Data. As de-
scribed in Section 6.2 both radar cloud data from Hill 
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Air Force Base and rawinsonde data from Cache Peak 
and Salt Lake City were plotted on graphs to show the 
time-height evolution of various meteorological para-
meters during operational events. From these graphs 
meteorological data were measured. such as cloud top 
temperature (radar tops), cloud-base and cloud-top 
mixing ratio, and wind velocity at various altitudes. In 
Section 6.2 the method of classification of events into 
meteorological types will be discussed. 
The basic meteorological classes of events, which 
undoubtedly have different precipitation statistics 
from each other, are orographic, cold frontal, 
convective and cyclonic. The primary aim is to 
investigate orographic effects of seeding. This 
objective is not only a matter of following the original 
purpose of the study, but is dictated by the fact that 
there are relatively few frontal, convective, or 
cyclonic events. However, when taken together about 
half of the events fall into at least one of the classes 
besides orographic. 
6.1.3 ADaIytds of SDver Sample.. Isopleths of 
silver based upon snow samples following airborne 
seeding events are shown in Figure 18. The amount of 
silver is highest along the Wasateh Mountains and 
mostly confined to the target area, except for a 
north-south band to the north. Isopleths of silver 
following seeding from Willard Mountain only are 
shown in Figure 19. The amounts of seeding material 
from this generator are similar but evidently greater 
than that from the airborne generators. It is noted 
that in the ground seeding program, three generators 
were used simultaneously, so the silver amounts 
would be even greater than in the ease of only one 
generator. 
For unseeded storms the isopleth analysis, as 
shown in Figure 20, reveals mueh lower amounts of 
silver compared to the amounts following seeding. It is 
clear from these figures that seeding material, 
released from either the airborne or mountaintop 
generators, covers most of the target area, at least on 
the average. 
6.2 Clauffieatlou of Events ad Tahalatlou of Data 
A complete tabulation of airborne seeding events 
carried out during fiscal years 1970 through 1972 is 
provided in Table 6. These events lasted eight hours 
with one· half considered seeded and the other half 
unseeded. Which half was seeded was determined by 










Figure 18a. 18op'ktkB of silver concentration (gm/ml 
times 10-12) for 81IOW 8amp'k8 taken 
fol/nwi.ng airborne 8eeding: FY 70. 
two hours. but this material covered portions of the 
target for periods of around two hours after seeding 
was stopped. Thus the period during which at least 
some seeding material remained over the target was 
about four hours. In each seeding event approximately 
240 gm of silver iodide were released. Whether an 
unseeded portion could have become contaminated by 
seeding material depended first upon whether seeding 
preceded, and second, whether the wind conditions 
permitted seeding material to remain over the target 
during the unseeded half. 
For each of the 8-hour events, compilations of 
telemetered precipitation data, upper level winds, 
heights of cloud bases and tops, along with humidity 
and temperature were made. In addition, each event 
was analyzed separately. Areal maps of precipitation 
and locations of expected seeding effects were 
prepared. 
In Table 6 the column headings identify the 
entries. For the ease type the following definitions 
apply: OROG means orographic; FR means frontal; 
THSTM means thunderstorm or cumulonimbus pre-
sent; and CYCL means a low pressure center with 
frontal system in Utah or Nevada. The standardized 
precipitation is given in inches averaged over the 
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Figure 18b. 18op'ktkB of silver concentration (gm/ml 
time8 10-12) for 81IOW samp'k8 taken 
foUowing airborne 8eeding: FY 71. 
reporting stations downstream of the seeding track. 
Parameters derived from radar and rswinsonde data 
are ReT!'. CTMR, and CBMR; these are the radar 
cloud top temperature, the cloud-top mixing ratio, and 
cloud-base mixing ratio, respectively. The rawinsonde 
location is indicated by SL for Salt Lake City and CP 
for Cache Peak. The rawinsonde-sounding time is 
indicated by a number in parentheses. This number is 
the time of the sounding in hours after the middle of a 
4-hour event; a plus means the sounding was made 
after the middle of the 4-hour period and a minus 
means before. In the next column the wind direction 
and speed in knots at 9,000 it is given. In the next 
column to the right, the rawinsonde cloud top 
temperature as found by using the ice top criterion is 
given. No evaluation was made for cloud top 
temperatures from the Salt Lake City soundings. In 
the last column the radar cloud top temperature at the 
time of the rawinsonde measurement is shown. 
•• 3 AaaIy. of Seeded and V.seeded EveDts 
•• 3.1 Previous Aaalyses. Because of findings to 
be discussed later, it is useful to review previous 
project analyses of seeding effects. Following the first 
two years of the project, it was found, as shown in 
Figure 21, that ratios of seeded to unseeded 
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Figure 19a. Isopleths of silver concentration (gm/ml 
times 10-12) for snow samples taken 
folluw,:ng seeding from the W17lard 
MO'Untain generator during selected 
storms: FY 70. 
precipitation far exceed unity over most of the target 
area when the cloud top temperature was between 
-130 C and -23OC (Chappell et al., 1972). Otherwise the 
ratios were generally close to or less than unity. The 
cloud top temperatures were based upon rawinsonde 
observations, with cloud tops deduced from the 80 
percent criterion. 
Later an analysis of precipitation data from five 
key stations in the high Wasatch1 showed increases 
due to seeding in the cloud top temperature range 
between -160 C and -24oC as shown in Figure 22; with 
other temperatures the ratios were generally less 
than unity (McNeill et al., 1972). 
More recently, another analysis utilized the radar 
cloud top temperatures. In orographic and weak 
frontal events precipitation in seeded storms was 
found to be higher than in unseeded events in the 
temperature range of about -25oC to -35oC. However, 
ITony Grove Lake, Trigara Springs, Bug Lake, Paradise 
Canyon, and Monte Cristo. 
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Figure 19b. Isopleths of silver concentration (gm/ml 
times 10-12) for snow samples taken 
foUowing seeding from the W17lard 
MO'Untain generator during selected 
storms: FY 71. 
this finding was attributed mainly to chance variation 
rather than any seeding effect. In fact, an empirical 
predictor method showed that this result could be 
accounted for by the occurrence of stronger storms in 
seeded periods compared to unseeded ones (Hill, 
1973). 
6.3.2 Review of Cloud Top Temperatures. Cloud 
top temperatures may be found by direct observation 
of the temperature at the visual cloud top, or by 
indirect methods. The indirect methods usually 
employ rawinsonde data to find where the humidity 
falls below a particular percent, or below ice 
saturation upon further ascent. Another indirect 
method utilizes vertical incidence radar from which 
cloud top heights are found. Rawinsonde temperature 
data, which is a uniformly varying quantity in space, is 
used to find the temperature at cloud top. During the 
course of this experiment visual cloud top observa-
tions were not generally available. Thus, the cloud top 
temperatures were found indirectly. Because such 
temperatures have been used to evaluate this project 
and others as well, it is worthwhile to critically 
examine the method. Based upon physical arguments 
Figure 2Oa. Isopleths of silver concentration (gm/ml 
h1nes 10-12) for snow sample8 taken 
foU01.Qf;nfJ unseeded 8torms: FY 70. 
there is little question that the ice top temperature is 
preferred over the temperature found from applying 
the 80 percent relative humidity criterion. However, 
large differences in cloud top temperature between 
these methods occur only when the humidity remains 
just at ice saturation at very cold temperatures. 
On the other hand measurements of cloud top 
temperatures made several years ago may be greatly 
affected by whether the rawinsonde was illuminated 
by the sun. To demonstrate this effect use is fll8de of 
the radar cloud top temperatures. In Figure 23 a 
graph of the radar cloud top temperature versus the 
rawinsonde cloud top temperature is shown for all 
available FY 70 data. At each point the letter D for 
daytime rawinsonde release, or N for nighttime 
release is shown. In two cases both letters are given 
because the releases were made when the sun was 
near the horizon, but the precise release times are not 
known. Arrows indicate the temperature is colder by 
an unknown amount; the cause of the limit is that the 
soundings were taken only to 400 mb. A similar graph 
for the FY 71 data is shown in Figure 24. It is 
immediately obvious that the daytime rawinsonde 
cloud top temperatures are grossly in error. When 
only the nighttime temperatures are considered we 
find that the rawinsonde temperatures are systemati-
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Figure 20b. I80pleths of silver concentration (gm/ml 
times 10-12) for snow 8amples taken 
folJqwi,ng unseeded storms: FY 71. 
cally CGlderthan the radar temperatures by about 40 C 
to 50 C at the coldest temperatures. This difference is 
attributed to the fact that the vertical incidence radar 
is located at Hill AFB. which is upwind of the Wasatch 
range by a few miles. On the other hand. the 
rawinsonde releases were made from Cache Peak. and 
by the time the package reached cloud tops of -250C to 
-36oC, it would be over the Wasateh range. An 
orographic lift of about 600 m (2000 ft) would account 
for the difference. at least on the average. 
There are a few cases when the rawinsonde 
temperature was much colder than the radar 
temperature. In these cases convection tended to 
occur; there might be a difference due to the 
representativeness of data on convective conditions, 
but it appears that the orographic-convective effect is 
amplified by the mountains, so the difference in the 
two temperatures tends to be exaggerated with 
convection. 
A further manifestation of the differences 
between day and night rawinsondes may be found 
from Table 5. In six events a definite radar cloud top 
was evident. but the rawinsonde data indicated no 
clouds were present. All six of these soundings were 
taken during the daytime. (In one other event the 




















































































































































































































































RCITCTMRCBMR Stn/Time Wind9K scrr RCTT/S 
-17 1.6 2.3 CP(-2.0) 250/25 ·33 -17 






































































CP(+3.5) 285/32 M M 
CP( ..Q.5) 290/35 - 7 M 
SL(+4.0) 240/20 M M 
SL( 0.0) 255/22 M M 
CP( 0.0) 300/25 -25* -23* 
SL(+2.0) 305/32 M M 
CP(-2.0) 230/15 -20 -31 * 
CP( 0.0) 230/25 -30 -30* 
CP(·2.0) 260/25 -12 
CP( 0.0) 270/20 ·20 
SL(-1.0) M M 





CP(+1.0) 250/25 -18 -29* 








CP(-1.5) 270/23 -25 
CP(+O.5) 270/20 -IS 
CP(-3.5) 290/20 -18 








CP(-1.0) 310/28 ·35* -17 
SL( 0.0) 340/20 M M 
SL(+2.0) 330/15 M M 









CP(:tl.O) 310/25 (37* .33* 
CP(-3.0) 300/20 
CP(-2.0) 230/22 -38* -23 
SL( 0.0) 300/30 M M 
CP(-1.0) M -10 -23 
CP(+1.0) M None -30 
Rawinsonde 
Type Precip. ------------------
















40 0.3 4.1 
44 0.2 4.7 
-30 0.8 4.5 
-24 1.1 4.6 
-31 0.6 3.3 
-22 1.1 2.5 
-19 1.6 4.0 
·27 0.9 3.9 
41 0.2 3.3 







SL(+4.0) 188/18 M 
SL( 0.0) 190/22 M 
SL(-5.0) 250/21 M 
SL(+3.0) 280/20 M 
SL(+3.5) 285/20 M 
SL(..Q.5) 310/20 M 
SL(+5.5) 250/27 M 
SL(+1.5) 285/22 M 
SL(+6.0) 290/10 M 
SL(+2.0) 265/13 M 
CP(+1.0) 210/25 f. 9 












Table 5. Continued. B: Fiscal Year 1971. 
Case Stand. Radar Rawinsonde Case Half S/U Start Date 
Period 





































































































































































Feb. 4 1400- OROG 0.02 



































































































































CP( 0.0) 210/20 
SL( 0.0) 210/20 
CP(+1.0) 250/20 
CP(-3.0) 247/20 


















-19 1.4 2.2 CP(+1.0) 250/25 -22 -18 
-21 1.3 2.2 CP(-3.0) 270/26 M M 
-22 1.7 3.3 
- 9 3.6 4.2 
-45 0.1 2.9 
-42 0.2 1.3 
-40 0.2 4.1 
-19 1.5 4.1 
-20 1.4 2.3 
-37 0.4 4.7 
-48 0.1 3.4 
-27 1.2 2.5 
M M 3.1 
M M 2.4 
-36 0.4 3.7 
-44 0.2 2.2 
-35 0.4 2.7 
-33 0.5 2.8 
-19 1.7 3.3 
-28 0.9 2.9 
-30 0.7 3.8 
-36 0.4 2.4 
-36 0.4 2.1 
-28 0.8 3.2 
-41 0.2 1.0 
-30 0.7 3.2 
-24 1.1 3.0 
M M 2.1 
-34 0.7 4.2 
-28 1.0 5.8 
-33 0.7 4.8 
-44 0.2 3.7 
-42 0.2 3.3 
-36 0.5 5.0 
-31 1.2 3.2 
-27 1.0 4.7 
-32 0.7 5.5 
-34 M 4.2 
-24 1.2 5.7 
-35 M 2.5 
CP(+2.0) 300/35 [8 -ll 
CP(-2.0) 300/35 \. 
CP(+1.5) 270/20 [10 -33* 
CP(-2.5) 270/20 '( 
CP(+3.5) 200/15 . M M 
CP(-O.5) 175/15 None 17 
SL(+2.5) 300/35 M M 
SU-1.5) 300/35 M M 
CP(+ 1.5) 305/08 r... 
CP(-2.5) 295/10 \None -37* 
CP(+1.0) 270/10 r.. 
CP(-3.0) 280/10 f one -12 
CP(+O.5) 260/10 -24 
CP(-2.5) 250/10 M 
-27 
M 
CP(+2.5) 210/35 [10 -26 
CPI-! 5) 210/35 \.: 
SL(+6.5) 210/25 M M 
SL(+2.5) 270/25 M M 
CP(+2.0) 302/22 ~ 
CP(-2.0) 300/13 ,(,one -28 
CP(+2.5) 300/12 [38 -24 
CP(-1.5) 300/12 \: 
CP(+2.5) 185/10 1-41 * -39* 
CP(-1.5) 185/10 '( 
SL(+6.0) 330/20 M M 
SL(+2.0) 330/20 M M 
CP(+1.5) 262/25 (-29* -28 
CP(-2.5) 195/20 
CP(+1.5) 250/16 f, 
CP(-2.5) 250/14 \.None -34 
CP(-O.5) 230/20 -32* -32* 
CP(-4.5) 260/18 M M 
CP(+1.5) 200/25 (23 -21 
CP(-2.5) 210/27 -
CP(+1.5) 200/35 (~13 -24* 
CP(-2.5) 205/35 
SL(-1.0) 230/35 M M 
CP( 0.0) 240/15 -14 None 











































































































































Case Stand. Start 
Date 
Period 











Dec. 14 120()' 
2000 



































































































































Mar. 18 2330- THSTM 0.06 
0730 THSTM 0.12 
Mar. 23 0830· THSTM 0.05 















































































































































































































































































aHill AFB cloud detection unit was inoperative; rawinsonde cloud parameters are substituted (day-night differences in 
sounding data discussed in text). 
* An asterisk indicates the cloud top temperature is colder than the value shown. (The reason for the limitation is that the 
rawinsonde data were normally terminated at around the 400 mb level.) 
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Figure 21. Ratios of two year mean precipitation 
du~ng seeded periods to mean precipita· 
tion during umeeded periods when cloud 
top temperatures were considered to be 
in the range -1SO to ·2SO. Number of 
events are shown as (S, U). 
reverse situation occurred, i.e., there was no cloud 
according to radar. but rawinsonde data indicated one 
was present. This sounding was at night, and as 
previously mentioned there tends to bv more 
cloudiness near the rawinsonde site compared to the 
radar site.) 
It is clear from the foregoing analysis that the 
most realistic cloud top temperatures are those based 
upon the radar data. These data can be used at either 
time, day or night. (An analysis to be discussed in the 
next section, in connection with the ground seeding 
program, shows that the rawinsondes which have 
improved ventilation for the humidity element give 
cloud top temperatures in good agreement with 
the radar data, day or night; thus. either method may 
be used for more recent observations.) 
During FY 72 the Hill AFB radar was inopera-
tive. Thus. in order to utilize FY 72 data. it must first 
be found out whether ventilated or unventilated 
rawinsondes were used; no records of this sort are 
available, and has already been mentioned. practically 
no radar observations were made for these storms. 
Therefore. only a simple comparison between day and 
night values of the sounding ice top temperature could 
be made. In Figure 25, these temperatures are shown 
according to whether the release was made in daylight 
or at night. It is evident from this information, that 
the unventilated rawinsondes were still being used, 
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Figure!2. Three year mean seeded and unseeded 
precipitation and their ratio as a .function 
of cloud top temperature. Data for the 
three ranges are: precipitation ratio/ 
number of seeded events/number of 
unseeded events/significance level from 
Wilcoxon test/significance level from 
Sum of Squared Ranks test. 
during the day and -3~C at night. This very large 
difference is as might be expected from the 
instrumentation, rather than any natural variation. At 
best we can use the nighttime data; but there are still 
some differences between radar and rawinsonde cloud 
top temperatures, as previously discussed. 
Thus. we find that in the analysis of cloud seeding 
effects during the airborne seeding program several 
factors relating to the accuracy of cloud top 
temperatures must be considered; these are (1) errors 
due to the use of rawinsonde humidity elements which 
are subject to solar illumination, (2) uncertainties of 
cloud top temperatures due to natural space-time 
variations, (3) errors in cloud top temperature due to 
marginal situations in which a slight change or 
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Figure 21. Radar 11erat&1 ratuinstmde cloud top 
tempe~re' for FY 70. A1T01U' intlit:Gte 
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Figure ~. &dar 11erat&1 rawi1aBtmde cloud top 
tempe~re, lor FY 71. A1T01U' intlit:Gte 
temperature may be lower tAata tlot 
,lown. 
change in cloud top height and temperature, and (4) 
other SOUl'eeS of errors such as the use of an ice cloud 
top temperature, when in fact the cloud is composed 
~ntirely of supercooled water. 
6.3.8 ADaIyaI& of Cloud SeedIDa EIIeeU. In 
previous sections we have found that the cloud top 
temperatures used to assess seeding effects are in 
error by large amounts. For the daytime events the 
error is often as much as 2OOC; natural variability 
accounts for another several degrees discrepancy 
37 
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TIME OF RELEASE 
Figure!S. Ratuinstmde clotul top temperature. lor 
FY 7! according to w1&et1&er a d4y or night 
release. 
between readings averaged over a four-hour period 
and a single reading within the period; use of an 80 
percent relative humidity criterion also adds several 
degrees error. Thus it is abundantly clear that for 
both of the analyses described earlier in this section, 
the increases in precipitation in seeded cases within 
certain temperature ranges cannot be substantiated. 
Corrections to these analyses would involve large but 
irregular shifts in cloud top temperature. Of course, 
analysis of these events can be made using the radar 
cloud top temperatures, as will be discussed later. 
The question may be raised, how does one arrive 
at an apparent increase in precipitation within a 
particular cloud top temperature range, when in fact 
the result must be regarded as fortuitous. Yet 
statistics are used to show the results are significant. 
The reason suggested here is that when one is 
free to choose the temperature limits within which an 
effect is supposed to occur, an otherwise not 
statistically significant variation becomes apparently 
significant. It is the exclusion of apparently adverse 
seeding eHects by the precise specification of 
temperature limits that augments the variation to a 
more favorable amount. 
For example, in the first analysis described, the 
temperature limits of the "seeding window" were 
between -130C and -230C. In the second analysis the 
limits were -160C and -2400. Now if the original limits 
had been retained in the second analysis, the apparent 
seeding eHeet would have been much less, as may be 
noted from Figure 22, and with little statistical 
significance. Therefore, even though apparent seeding 
eHeets may be found in temperature regions wherein a 
physical basis is present, it is not appropriate to 
choose limits after an analysis of precipitation ratios is 
completed. Of course, one does choose J.in:its for the 
various quantities, presumably with a physical basis, 
but these limits should at least be chosen in advance of 
the analysis. 
This situation described above applies to other 
projeets as well. In fact in some projects more than 
one pair of limits is used. For example, in the 
evaluation of the San Juan Pilot Projeet, Elliott et al. 
(1976) used several parameters each of which 
contributed to the seeding eHeet, apparently. For 
example, we note sections 5.8 through 5.10 of their 
report. Yet the very same problem may exist. That is, 
even though there may be a physical basis for a 
seeding eHeet. it is augmented and perhaps made 
apparently significant by the detailed choice of limits. 
It is recognized that as the number of eases 
becomes very large. even the free choice of 
limits-of-eHeet becomes relatively less important. 
Another wa, to reduce the problem is to utilize 
covariates to account for natural variability of 
precipitation. Neither of these approaches negates the 
previOUS discussion. It is merely pointed out now, that 
these approaches do reduce the magnitude of the 
problem. 
6.3.4 AaaIya. of AIrbonae SeedIDg Propoam 
with Cloud Top Temperature StratifleatiOD. An 
analysis of the airborne seeding program is carried out 
using both radar cloud top temperatures and covariate 
techniques. Discussion of cloud top temperatures has 
been already given; additional comments on the use of 
precipitation estimators are appropriate. Because a 
variety of storm types occurs in winter in Northern 
Utah, no single estimator is likely to be successful. 
Inasmuch as the basic physical processes in each storm 
type are sufficiently diHerent, it is likely that entirely 
diHerent estimators would be needed for each type. 
However, one estimator which is probably 
common to each cloud type is the amount of moisture 
avsilable for precipitation. A crude measure of this is 
the difference between the cloud base and top mixing 
ratios.2 These are listed in Table 5; note that the 
values of FY 72 are derived from rawinsonde ice tops. 
2Ratio of grams of water vapor to kilograms of air. 
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Orographic cloud types are separated into warm 
and cold cloud tops, i.e., CTT;> -29OC and CTT <;; 
-aooc, respectively. Precipitation is plotted against 
the mixing-ratio parameter for seeded and unseeded 
eases in the warm category as shown in Figure 26. At 
each data point the cloud top temperature is plotted; 
FY 72 data are shown as crosses. The ratio of seeded 
to unseeded precipitation is found to be 1.66. This 
apparent seeding eHeet is clearly due to the fact that 
in the seeded storms the cloud depth was much 
greater than in the unseeded storms. Regression 
lines, which are forced through the origin, actually 
show less precipitation in the seeded storms compared 
to the unseeded, but the diHerence is small and has 
little significance. 
For the cold category, shown in Figure 27. the 
precipitation ratio is 1.48, which again is primarily due 
to a diHerence of cloud depths. For a given cloud depth 
the ratio is reduced to 1.22. However. without the 
exceptionally strong precipitation in one seeded event 
the ratio would be close to unity. 
A similar analysis is made for events classified as 
frontal or cyclonic. In the warm category there are 
o.J.ly 5 seeded storms, whereas there are 9 unseeded 
storms. As shown in Figure 28 there is a large scatter 
of precipitation amounts, but on the average. much 
greater amounts than in the orographic category. It is 
highly doubtful that significance can be given to 
diHerences between seeded and unseeded storms with 
this limited amount of data. It is also evident that 
combining orographic events with the frontal and 
cyclonic events would permit the latter. with the 
larger precipitation amounts and greater variability. 
to dominate and perhaps to yield apparent significant 
diHerences in seeded and unseeded precipitation, 
because of the relatively large total number of events. 
In other words only a portion of the events have both 
high amounts and high variability. 
For the cold category of the frontal and cyclonic 
storms, there are 15 seeded and 13 unseeded events; 
these data are plotted in Figure 29. The precipitation 
ratio for a fixed cloud depth is 1.12. Again with the 
very high variability, this ratio is primarily due to 
chance. (It is interesting to note that in the warm 
category, the 9 unseeded eases have a similar 
relationship between precipitation and cloud depth as 
in the cold category, but not the 5 seeded eases, which 
evidently are too few in number.) 
Cases with thunderstorms reported in the vicinity 
are treated as a separate category, regardless of the 
cloud top temperature. Only 4 such eases were seeded 
and 7 were left unseeded. As shown in Figure 30 there 
is a large seatter of data and higher amounts on the 
average than the frontal-cyclonic category. It should 
be recognized that the mixing-ratio parameter as 
measured is the least representative in this category. 
because with conveetion, there is high variability in 
cloud tops both in time and space. No special 
significance is given to diHerences between seeded 
and unseeded precipitation with this amount of data. 
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CLOUD BASE AND CLOUD TOP 
MIXING RATIO DIFFERENCE (gm/Kgm) 
Figure 26. Precipitation verBUI mi:J:ing-ratio pafYimeter for umeeded and seeded orographic events in the WanD 
Cloud top temperature category. Numbers on the graph are (negative degrees Celsius) cloud. top 
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CLOUD BASE AND CLOUD TOP 
MIXING RATIO DIFFERENCE (gm/Kgm) 
Figure 27. Precipitation 1Je1'BUI mi:1:ing-ratio parameter for umeeded and seeded orograpAic events in the cold 
cloud. top temperature category. Numbers on the graph are (negative degrees Celsius) cloud top 
temperatures; itGIicized values refer to FY 72 nighttime data. 
39 
234 
C~OUO BASE AND C~OUO TOP 








































2 3 5 
C~OUO BASE AND CLOUD TOP 
MIXING RATIO DIFFERENCE IQml KQm) 
Figve U. Precipitatitm verBUB mtimlg-rntio parameter for unBeeded and seeded:frontal and. cyclhnic events in 
tM warm cloud top tempenJture category. Numbers on tM graph are (negative degrees Celsius) 
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Figure 29. Precipit4t.ion tI6rBUB mtt:mg-rntio parometer for unBeeded and seeded:frontal and cyclonic events in 
tM eoId cloud top tem:peratu.re category. Numbers on tM graph, are (negative degrees Celsius) cloud 
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CLOUD BASE AND CLOUD TOP 
MIXING RATIO DIFFERENCE 19II'/K9ml 
Figu.re 80. Precipitatima versus mi:I:ing-nJtio parameter for uueeded and seeded thunderstorm events in 
combined warm and eolcI cloud top tempmJture categories. Numbers on the graph are (negative 
degrees CelftuB) cloud top temperatures; italicUed values refer to FY 'l! nighttime data. 
type in the evaluation of seeding eHeetiveness. Here. 
the presence of thunderstorms increases both the 
precipitation and its variability over other categories 
and may tend to dominate the results if combined with 
other categories. 
Because the orographic events may lend them-
selves to analysis by use of improved precipitation 
estimators, the mixing ratio difference is multiplied by 
the 2750 m (9000 ft) wind normal to the mountain-
barrier axis to form a new estimator. It is written 
e = (CBMR - CTMR) • V ••..•••..••••....•..•... (31) 
where e the precipitation estimator, CBMR and 
CTMR are the cloud base and cloud top mixing ratios, 
respectively, and V is the normal wind component. 
Values of the estimator for each event are included in 
Table 6. Again. the events are separated into a warm 
and a cold category. In the warm category the 
unseeded events have little potential for precipitation 
compared to the seeded events, as shown in Figure 31. 
Thus. the higher precipitation in the seeded events is 
accounted for by natural variability. In fact the 
unseeded precipitation appears to be higher than the 
41 
seeded for a given estimator value. but this difference 
could well be due to the lack of data in the unseeded 
events at high values of the estimator. In the cold 
category. in which a similar distribution of estimator 
values is found in both the unseeded and seeded 
events, there is only a small difference in precipitation 
for a given estimator as shown in Figure 32. Thus the 
use of physieally based improved estimators leads to 
an inconclusive seeding effect when cloud top 
temperature is used as a basis of stratification. 
In summary of this subsection, we have found 
that in the analysis of the airborne seeding program, 
rawinsonde cloud top temperatures were greatly 
aHeeted by the type of instrumentation. However, 
with the use of radar data from Hill AFB. a meaningful 
analysis could be conducted. By separating experi-
mental events into storm types. it was found that 
when the use of a simple precipitation estimator was 
employed there was little difference between seeded 
and unseeded storms of the purely orographic type in 
either a warm or a cold cloud-top temperature 
category. Without the use of an estimator an apparent 
seeding eHeet oeeurred in the warm category. and to a 
lesser extent in the cold category. 
Table 6. Aircraft orograpkk e"ents. 
Year Case S/U CBMR CfMR 4MR va Estimator Precip.b RCfT 
70 1-1 S 2.3 1.6 0.7 23 16 1 -17 
1-2 U 2.6 1.9 0.9 10 7 1 -15 
2-1 S 3.7 1.4 2.3 31 71 5 -22 
2-2 U 1.3 0.7 0.6 33 20 1 -30 
3-1 U 3.1 1.4 1.7 17 29 4 -24 
3-2 S 2.7 0.6 2.1 21 44 0 -35 
4-2 U 2.6 1.8 0.8 26 21 5 -16 
5-1 U 3.8 0.2 3.6 11 40 3 -44 
5-2 S 3.7 0.2 3.5 19 67 3 -43 
6-1 S 3.7 1.3 2.4 25 60 4 -22 
6-2 U 2.8 1.5 1.3 20 26 3 -19 
8-1 U 4.5 0.3 4.2 23 97 14 -43 
8-2 S 4.0 0.5 3.5 28 98 22 -36 
9-1 S 4.8 1.2 3.6 23 83 8 -25 
9-2 U 4.0 0.2 3.8 19 72 6 -44 
10-1 S 4.7 0.4 4.3 25 108 14 -41 
11-2 S 5.1 0.9 4.2 20 84 14 -29 
14-1 . S 1.6 1.6 0.0 7 0 1 -18 
14-2 U 1.9 1.7 0.2 7 1 0 -17 
71 4-2 S 3.9 0.9 3.0 21 63 3 -27 
5-1 S 3.3 0.2 3.1 9 28 6 -41 
5-2 U 1.7 0.5 1.2 13 16 3 -31 
. 12-1 S 1.1 0.2 0.9 30 27 5 -43 
12-2 U 0.6 0.4 0.2 32 6 0 -36 
13-1 U 2.2 1.2 1.0 11 11 3 -26 
13-2 S 2.6 0.6 2.0 10 20 1 -32 
14-1 U 2.1 2.0 0.1 15 2 0 -15 
14-2 S 3.0 2.9 0.1 15 2 0 -10 
15-1 U 2.2 0.2 2.0 23 46 2 -44 
16-1 S 3.3 1.4 1.9 30 57 0 -22 
16-2 U 4.2 3.1 1.1 30 33 1 - 9 
20-2 U 2.5 0.8 1.7 9 15 3 -27 
22-1. U 3.7 0.4 3.3 10 33 2 -36. 
22-2 S 2.2 0.2 2.0 9 18 1 -44 
23-1 S 2.7 0.4 2.3 17 39 3 -35 
23-2 U 2.8 0.5 2.3 17 39 1 -33 
25-2 U 2.4 0.4 2.0 11 22 3 -36 
26-2 U 2.7 0.8 1.9 4 8 3 -28 
28-1 S 3.0 1.1 1.9 10 19 5 -24 
28-2 U 2.1 1.0 1.1 10 11 3 -23 
29-1 U 4.2 0.7 3.5 25 88 3 -34 
29-2 S 5.8 1.0 4.8 5 24 4 -28 
32-1 U 3.2 0.7 2.5 9 23 2 -31 
32-2 S 4.7 1.0 3.7 13 48 2 -27 
33-1 S 5.5 0.7 4.8 12 58 1 -32 
n C 4-1 S 2.6 1.2 1.4 25 34 2 -19 
'4-2 U 2.7 2.3 0.4 11 4 2 -10 
10-1 S 2.6 0.2 2.4 20 48 3 -44 
10-2 U 2.6 1.6 1.0 20 20 3 -16 
12-1 U 2.6 2.6 0:0 ~O 0 0 -11 
12-2 S 2.6 2.6 0.0 25 0 1 -11 
22-1 S 4.6 0.5 4.1 28 116 3 -33 
22-2 U 4.5 0.6 3.9 24 94 6 -32 
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Figure 81. Precipitation 1/enIUI M'OfJfTJPhic precipitation e.timator for UftBeeded MId .eeded orographic event. 
in tie __ cloud top temperature category . 
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Figure n. Precipitation tlenIUI orofJfTJPhic precipitation e.timat~ foruftBeeded and .eeded orographic event. 
in tie cold cloud top temperature category. 
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With events characterized by fronts. eyclonie 
systems, or thunderstorms, much greater amounts of 
precipitstion fell compared to orographic storms. The 
variability of precipitstion was far greater in the 
non-orographic storms compared to the orographic. 
These facts. along with the Hmited number of eases 
avaiJable, preclude any definitive statements about 
seeding e1'feetiveness. 
1.3.5 AaalpIa of AIrI.De. S.... Pnpam. 
with SapenoaIecI Water StratIfIeatIo1l. The use of a 
cloud-top temperature. as a means of identifying 
whether or not a seeding opportunity exists. has its 
basis in the number of active iee-nuclei present. With 
cold temperatures and large amounts of iee nuclei, the 
precipitation proeess would not be inefficient because 
of a laek of nuclei. Conversely, we would expect the 
warmer clouds to have supercooled water present and 
offer a possibility for seeding, so that the supercooled 
water could be converted to precipitation-size iee 
particles rather than evaporate on the other side of a 
mountain barrier. 
One measure of the presenee of supercooled 
water is the rate of aircraft icing in subfreezing 
7bble 7. Ain:rrJft ici:ng events: airborne Beeding. 
Year Event S/U crT CBMR crMR 
FY70a 8·1 U -43 4.5 0.3 
8-2 S -36 4.0 0.5 
11-1 U -18 5.5 1.9 
11-2 S -29 5.1 0.9 
16-1 S -45 3.3 0.2 
16-2 U ·33 2.7 0.6 
FY71a 2·1 S -30 4.5 0.8 
2·2 U -24 4.6 1.1 
14-1 U ·15 2.1 2.0 
14-2 S -10 3.0 2.9 
15-1 U -19 2.2 1.4 
15-2 S -21 2.2 1.3 
21·1 U M M M 
21-2 S M M M 
24-1 U ·19 3.3 1.7 
Fynb 
24-2 S -28 2.9 0.9 
3·1 U M M M 
3·2 S M M M 
15·1 U M M M 
15-2 S M M M 
16-1 S M M M 
16-2 U M M M 
18·1 S -32 3.7a 0.6 
18·2 U -32 4.1a 0.6 
19-1 S M M M 
19-2 U M M M 
26-1 S -17 2.3 1.6 
26-2 U ·35 4.0 0.7 
aRadar cloud data. 
bRawinsonde cloud data. 
temperatures. In the airborne seeding project records 
of flying conditions during seeding missions were 
kept. It is noted that this measure a.pplies to the 
loeality of the seeding tracks and not neeessarlly to the 
region of the mountain barrier. However. when 
significant amounts of supercooled water are present 
it is probable that insufficient numbers of iee crystals 
are present in comparison to the rate at which viSible 
water is being formed. This condition is likely to be 
augmented by air foreed to rise over the barrier. 
The seeding aircraft was flown usually at around 
11,000 ft (msl). At this altitude light to moderate or 
greater icing was reported during 14 events, listed in 
Table 7; in several events precipitation and/or otber 
data were not available. (See Appendix At for a 
detailed list of iCing reports.) 
The cloud top temperatures assoeisted with these 
events are given in Figure 33. The median cloud top 
temperature is -28OC. From these events it appears 
that large amounts of supereooled water occur with 
both warm and cold cloud-top temperatures. There is 
little doubt that with the cold cloud tops there are 
very large numbers of iee crystals present. But how 
Orographic 
L.\MR V Estimator Stand. Non· Events Precip. Orog With Full 
Data 
4.2 24 101 0.14 • 
3.5 28 98 0.22 • 
3.6 23 83 0.20 x 
4.2 20 84 0'.14 • 
3.1 19 59 0.19 x 
2.1 17 36 0.05 x 
3.7 20 74 0.13 x 
3.5 20 70 0.09 x 
0.1 15 2 0.00 • 
0.1 15 2 0.00 • 
0.8 23 18 0.02 • 
0.9 23 21 M 
M M M 0.01 M 
M M M 0.01 M 
1.6 13 21 0.08 x 
2.0 25 50 0.24 x 
M M M M M 
M M M M M 
M M M 0.07 
M M M 0.07 
M M M 0.09 x 
M M M 0.11 x 
3.1 20 62 0.02 
3.5 20 70 0.03 • 
M M M 0.07 • 
M M M M x 
0.7 27 19 0.06 x 
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ESTIMATOR (.,../Klm) (mI.) 
many of these enter the lower levels in some instances 
is not known, especially during orographic uplift. 
A comparison of precipitation during seeded 
events with light to moderate or greater aircraft i~ing 
conditions is made with the unseeded counterpart. 
There are no direct observations of icing during 
unseeded events. In Figure 84 the unseeded and 
seeded precipitation are plotted against a simple 
estimator, which is the product of the difference 
between the cloud base and cloud top mixture ratios 
and the 2750 m (9000 ft) wind normal to the 
mountain-barrier axis. Best fit lines for the orographic 
cases and for all eases are shown in the figure; the 
lines are forced through the origin. 
For a given value of the estimator there is about 
24 percent more precipitation in the seeded events 
than in the unseeded, when all events are considered. 
When only the orographic events are considered. the 
increase of precipitation in the seeded events is 40 
percent. These results are not significant at the 10 
percent level. While there yet may be a seeding effect 
present, there are only a relatively small number of 
events in the unseeded and seeded categories. 
However, analysis of ground seeding events will be 
found to support these results. Furthermore. the 
development of an improved estimator will be shown 
to yield results statistically significant at the 0.03 level 
when the ground and airborne seeding programs are 
combined. 
•• 
- OROGRAPHIC EVENTS 
--- ALL EVENTS 
2. 
o 40 ISO 100 120 140 IGO 
ESTIMATOR (gm/Kvml (n"') 
Figure ~. Precipitatitm verBUB orogmplr .. ic preCl'pitation estimator for fl/ll.8eeded and Beetled events for aircraft 
icing cases. 
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7.0 ANALYSIS OF SEEDING EFFECTIVENESS-
GROUND SEEDING EVENTS 
7.1 Eqterimeata1 DeIIp 
7.1.1 EKpedaaeatai. Fn.m.ewwk. Based upon a 
number of factors. most of which were derived from 
the experience gained from the aircraft seeding 
experiment. a new program using three mountaintop 
seeders was established (Hill. 1973). Seeding was to 
be earried out on a randomized basis. as before. but 
each event was either seeded or left unseeded for the 
entire period of the event. This change was neeeasary 
because the purge time of seeding material is 
presumed much longer with ground seeding than with 
airborne seeding. 
In this experiment it was postulated that 
increased precipitation from seeding would be found in 
orographic clouds if the cloud ice top temperature 
were warmer than -2800. This simple specification of 
the hypothesis implies several requirements. The 
term orographic was taken seriously; that is, frontal, 
cyclonic. and convective type storms were to be 
eliminated from consideration. Therefore. whenever 
any of these storm types were forecast, no event was 
ealled. Only when a period free of these storm types 
was foreeaat. was an event possible. Should a front or 
convective activity then occur during an event. the 
event was appropriately classified by objective means, 
which will be discussed later. -.. 
Another implied requirement was that rawin-
sondes would be released frequently, because the 
variability of cloud tops. and the humidity field in 
general, had been found previously to be rather high. 
Therefore. the releases were made at two hour 
intervals. 
7.1.1 M ........... Sy ..... The measuring system 
for this project consisted for a network of telemeter-
ing precipitation gages and the automatic readout 
console, three remotely controlled mountaintop AgI 
generators, a rawinsonde tr8eking and recording unit, 
and meteorological data made available by outside 
agencies (Hill AFB radar, NAFAX weather charts and 
Service A teletype). 
a) Precipitq.tioo Mea8Urin.g System. Precipita-
tion measurements for this experiment were taken 
from eleven stations out of the original larger 
network. These stations, shown in Figure 36. form 
two north south lines, approximately. The stations are 
mainly those at the highest elevations in the area. All 
of these stations were provided with protective 
sleeves. made from sewer liners. These liners were 
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p1aced over the outside of the precipitation can so that 
ice and snow would not stick to it and be weighed in as 
precipitation. but fall off at a later time. In addition, at 
three stations, speeially designed precipitation cans 
were developed and installed, so that additional 
cheeks on the quality of data could be made. In this 
design the whole outside portion of the can was 
separated from the can in which the precipitation 
actually accumulated and was weighed. Any precipita-
tion sticking to the outside would not be weighed. The 
fully shielded gages had no eases with negative trends 
in tbe amount of catch, a problem symptomatic of 
weighed snow melting on tbe outside of a can. 
Comparisons between tbe fully shielded gages and 
tbose protected with sleeves sbowed that the sleeved 
gages performed well except in a very few instances. 
In previous precipitation records it was evident 
that the weighing mechanism itself could be affected 
by a very slight bend in tbe internal support for tbe 
can, and a smooth increase in tbe weight of tbe can 
during precipitation was not found. Instead, a 
stepwise precipitation trace was obtained. The 
revised ealibration procedures detected the presence 
of this difficulty. When it was found repairs were 
made. As a result of these two modifications. the 
sleeves and the surveillance and repair of the 
weighing mechanisms. & relatively good set of 
precipitation data was obtained. 
b) Seetling DeIit16f"// System. To place seeding 
material into the clouds three mountaintop generators 
were operated. The seeder locations are also shown in 
Figure 36. The most nortberly is Cache Peak, 
elevation 1738 m, then Pisgah, 2184 m, and Willard 
Mt •• 2805 m. Numerous modifications to these seeders 
were made to improve relisbility of operation. 
In carrying out the experiment tbe three ground 
seeders were operated and monitored by remote 
control. Seeding events were cbosen by first 
establishing whether a period was suitable for seeding 
and then it was decided randomly whetber to seed or 
not. No restriction on the number of sequentially 
seeded or unseeded eases was made. 
In eases where seeding was to be performed. the 
seeders were ignited 2 hours prior to tbe precipitation 
event. This procedure allowed seeding material to 
diffuse over a large portion of the network by the time 
precipitation was to be measured. Otherwise, tbe first 
2 hours might have remained essentially unseecied 
over most of the network. The seeders remained on 
Figure 35. Network of precipitation .tations mad 
moaftttJin top .eedi.ng generator. for 
groutad-oo.ed seeding ~t. 
until the end of the precipitation event. No event was 
started until at least, 24 hours had elapsed since 
seeding was last performed. 
c) Upper-level Data Collection. An RO·66 
rawinsonde unit was placed at Mendon. Two-hourly 
releases were made to obtain upper level data during 
storms. The first release was made at the start of an 
event and the last at the end of the event. Thus each 
two hour increment was bracketed by rawinsonde 
releases. 
In addition to providing information on cloud 
tops. the rawinsonde data were used to form 
estimators of precipitation. Also. the data were used 
as an objective basis for identifying events with 
substantial convection. 
d) Qe1&er Data. The Hill A.FB TPQ·n cloud 
deteetion unit operated during most of the events of 
this experiment. Additional information on the 
varisbility of cloud top temperatures was obtained. 
Further comparisons with rawinsonde cloud top 
temperatures were also made. These aspects of the 
project will be discussed in Section 7.2. 
National Weather Service facsimile charts and 
Service A teletype data were obtained on a continuous 
basis. This information was used in forecasting 
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suitable events. The criteria for declaring an event 
were that the forecast precipitation be . primarily 
orographic. the surface to 500 mb relative humidity 
exeeed 70 percent. and the wind direction at both 700 
mb and 500 mb be between 220 and 320 degrees. 
7.1.3 CIaasHleation of Events. Precipitation was 
considered orographic unless either a front, a cyclonic 
system. or convection was present. A front was 
considered present if it was within 40 miles of any of 
the precipitation gages or the rawinsonde site. The 
position of fronts. nearly always cold fronts; was well 
marked by the rapid wind shift accompanying its 
passage. Hourly and special observations at Pocatello. 
Malad. Hill AFB. and at the Mendon or LOgan sites 
along with the facsimile charts were used to. track the 
fronts. 
The . occurrence of convection could ~ave been 
noted from visual reports, at least during the daytime. 
However, at night only the presence of thunderstorms 
was evident. The occurrence of cumulonimbus might 
not have been detected by visual means. In fact. on 
occasion observations of cumulus congestus or 
cumulonimbus were made in the field but were not 
reported on any of the National Weather Service data 
sources. For these reasons, an objective technique 
was developed to exclude cellular convection. 
The method for excluding convective cases 
utilizes the rawinsonde data. Because in the presence 
of cellular convection the rawinsonde humidity data 
are likely not to be representative of the surrounding 
moisture field. it is first assumed that all soundings 
are at saturation. Then a parcel of air is lifted moist 
adiabatically until the parcel's temperature is not 
greater than the temperature of the sounding. In some 
cases no lifting is required. because immediately the 
lifted parcel is colder than the temperature of the 
sounding. In this case no convection is present, 
according to stability arguments. When the lifted 
parcel is warmer than the sounding value, the area on 
the thermodynamic diagram is measured. The greater 
the area the more intense the convection should be. 
This method, of course, assumes saturation, an 
assumption which may not always hold. In that 
situation an event, in which no convection existed, 
might be excluded. This exclusion presents no specisl 
problem, other than a loss of data. The important 
point ii that the method detects convection even if the 
sounding is taken in between large cells, a condition 
which is often the ease. 
In finding the area on the thermodynamic chart, 
parcels are lifted from two different levels, 800 mb and 
760 mb. The parcel with the maximum area is selected 
to represent the potential for convection. This index of 
convection potential for each ease is given in Table 8, 
along with other information such as with the airborne 
experiment. In the ground seeding experiment, about 
760 gms of silver iodide were released for each event 
through March 10, 1975. Subsequently, about 450 gms 
were released for each event. 
Table 8. Grou'lld Beediftg eVfttB. A: FVcol Year 1974. 
-==:: 
2 Start Period Case Type Precip Precip Radar Rawinsonde Case Hour S/U Date MST Periods Conv. Index West East RCIT CIT CBH CfH Wind 9K 
1 1 S Nov. 27 1400 OROG 0.2 1.0 M -13* 8 12* 290/30 
2 8 0.0 1.0 M -13· 8 11· 289/28 
3 0.0 0.2 M -U· 8 10* 299/26 
4 2200 0.0 0.4 M -10· 9 10* 276/25 
2 1 U Dec. 12 0190 OROG 5.0 6.2 M -15 8 12 282/28 
2 60 0.4 1.2 M -16 9 11 287/22 
3 0.0 0.2 M -16 10 11 280/14 
4 0900 0.0 0.0 M -13 10 10 264/19 
3 1 S Dec. 13 0000 OROG 0.2 0.2 M V V V 233/33 
2 3 0.0 0.0 M 45 14,20 32+ 228/32 
3 0.4 0.0 M 47 14 32+ 235/37 
4 0800 0.2 0.2 M 48 13 32+ 241/44 
4 1 U Dec. 22 0000 OROG 0.0 0.0 -29 
- 9 8 12 214/25 
2 34 0.0 0.2 44 -11 8 14 213/22 
3 1.4 1.7 -54 -15 8*· 16 211/18 
4 0800 0.0 0.3 -18V -15 8 15 212/18 
5 1 U Dec. 22 1830 OROG 6.8 2.3 -25 -29 7 19 307/33 
2 66 2.2 2.3 M V 8 V 316/24 
3 0.6 1.3 M -14 8 11 318/23 
4 0230 1.4 1.0 M -18 8 12 316/25 
6 1 S Dec. 28 1430 OROG 0.4 0.7 M V V V 301/44 
2 88 0.2 0.2 41 -13,-31 8,21 10,23 296/36 
3 0.0 0.2 44 -12,-31 8,18 9,22 286/29 
4 2230 0.0 0.3 -38 -16,-33 8,16 11,23 272/17 
7 1 S Dec. 29 1500 FR/C 14.0 12.3 M V V V 294/58 
2 133 4.0 4.7 M V V V 305/50 
3 4.8 8.0 M V V V 303/41 
4 2300 7.2 11.7 M V V V 299/41 
8 1 S Jan. 7 0900 OROG 6.8 4.0 -19 -31 5 18 250/26 
2 7 4.8 14.0 -19 -30 5 17 261/29 
3 6.5 9.7 -25 -25 5 15 264/27 
4 1700 3.8 4.7 -25 -25 5 15 266/27 
9 1 S Jan. 12 0500 OROG 1.8 1.0 -31 46 7 32 253/30 
2 0 1.3 1.2 -24 -18'" 5 16'" 261/33 
3 2.8 1.8 -18 -16 5 15 270/35 
4 1300 5.3 2.5 -12 -15 5 15 268/33 
10 1 S Jan. 13 1230 OROG 22.8 i4.7 -37 48 7 30 270/39 
2 15 13.5 15.3 M -10 9 12 279/29 
3 4.8 5.7 -15 - 9 9 11 277/25 
4 2030 1.3 1.3 -12 - 8 10 11 M 
11 1 U Jan. 17 0330 FR 8.0 4.8 -30V -31 6 23 238/15 
2 6 7.3 9.0 -31V -26 6 21 287/16 
3 2.3 3.8 -29V - 8 6 12 312/17 
4 1630 0.5 0.5 -19V - 7 7 10 311/18 
12 1 S Jan. 19 0930 OROG 8.0 5.5 -28 -11 5,10 13 286/18 
2 19 4.8 3:8 M -12 11 13 280/16 
3 1.3 1.3 M -13 7 14 267/14 
4 1730 2.3 0.8 M -23 8 18 264/14 
13 1 U Jan. 20 1600 OROG 2.3 2.0 M V V V 336/12 
2 2 2.5 1.0 M V V V 345/13 
3 2.5 2.5 M 48 6 28 341/13 
4 0000 3.5 3.0 M -50 6 28 325/15 
14 1 S Jan. 25 1700 OROG 0.3 1.5 -20 -21 6 14 272/19 
2 43 1.3 2.2 -19 -29 6 18 283/20 
3 15.5 9.0 ·29 ·36 6 21 292/20 
4 0100 13.0 11.2 ·38 47 9 25 289/21 
15 1 U Jan. 27 15~0 OROG 0.6 0.7 -12 -12 7 12 279/25 
2 4 2.4 2.8 -19 -25 7 19 272/28 
3 2.6 4.7 -38 -54 7 30 281/27 
4 2330 1.8 3.0 -35 ·55 8 30 286/25 
49 
Table S.! Cot&tif&ued. A: Fiscol Year 1974. 
~ Case Type 2 Start Period Precip Precip Radar Rawinsonde Case Hour S/U Date MST West East Periods Conv. Index RCTT CIT CBH erH Wind9K 
16 1 U Jan. 31 1430 OROG 10.8 7.0 -28 ·28 7 24 259/41 
2 3 12.4 8.6 -27 -44 7 30 254/37 
3 19.4 13.0 ·31 -45 7 33 257/32 
4 2230 24.0 18.0 ·39 -36 7 25 262/37 
17 1 U· Feb. 17 0930 OROG 1.2 0.5 ·23 S S S 320/12 
2 43 0.8 0.7 M S S S 322/8 
3 . 0.6 1.5 M -14 9 10 323/9 
4 1730 0.6 0.2 M S S S 328/13 
18 1 U Feb. 19 0600 FR 21.2 16.8 M -45 5 31 263/37 
2 38 24.6 14.8 M -15* 5 14* 274/28 
3 20.8 18.0 M S S S 299/24 
4 1400 15.6 12.7 M S S S 313/28 
19 1 S Feb. 22 1100 C 10.0 9.2 ·38 V V V 298/25 
2 183 7.6 7.8 ·36 V V V 299/25 
3 3.2 6.5 -37 -43 14 20 299/28 
4 1900 2.0 3.2 ·26 -42 16 19 304/29 
Table 8. Contir&v.ed. B: FiBcol Year 1975. 
2 Start Period Case Type Precip Precip Radar Rawinsonde Case Hour S/U 
Periods Date MST Conv.Index West East RCTT erT CBH erH Wind9K 
1 1 U Feb. 7 1000 OROG 1.4 3.3 ·17 ·35 8 25 274/27 
2 27 3.2 2.0 -17 ·14,.38 8 14,25 270/25 
3 1.6 0.5 ·17,·38 ·12 8 12 272/24 
4 1800 0.6 0.5 ·20 -14 9 13 271/24 
2 1 U Feb. 9 1730 C 0.2 0.8 ·32 S S S 265/22 
2 457 2.4 3.3 -41 ·30 17 20 264/24 
3 5.0 4.3 -29 -29 1"6 20 259/23 
4 0130 4.6 4.8 M V 6 V 240/27 
3 1 U Feb. 12 0900 OROG 0.0 0.0 V -47 12 32 239/27 
2 76 0.2 0.2 -47 V 12 V 227/27 
3 0.0 0.2 -41 S S S 224/28 
4 1700 0.0 0.0 -42 V 15 V 235/27 
4 1 S Feb. 19 1700 OROG 2.4 1.2 -43 -53 S 32 241/26 
2 52 8.6 5.3 -45 -50 6 32 239/28 
3 7.2 6.2 -47 -52 5 32 248/30 
4 0100 14.2 12.7 V ·51 6 28 250/31 
5 1 U Feb. 27 0830 OROG 0.2 0.0 -10 - 9 5 11 290/12 
2 9 0.8 0.3 -10 - 9 5 11 290/12 
3 1.2 0.2 -10 -10 7 12 290/13 
4 , 1630 1.6 0.2 ·11 - 9 8 11 293/16 
6 1 U Feb. 28 1000 OROG 5.2 3.2 -16 . 7 7 13 280/22 
2 47 1.2 1.5 -19 -20 8 19 287/19 
3 0.0 0.8 ·18 -18 17 18 299/14 
4 1800 0.4 0.2 S -17 17 18 306/12 
7 1 S Mar. 6 1100 C 7.6 6.5 -17 -13,-22 11 13,17 259/23 
2 390 5,4 3.8 ·12 -22 12 17 250/21 
3 3.0 3.8 V V V V 234/16 
4 1900 4.4 2.7 V V 7 V 234/16 
8 1 U Mar. 10 0500 C 5.6 1.5 -13 ·10* 6 10* 252/7 
2 121 7.6 1.0 M - 8* 6 9* 269/6 
3 4.6 4.2 M - 4* 6 7* 272/4 
4 1300 0.8 2.2 ·18 S S S 248/3 
so 
Table B. CofItit&ued.B: FisCGl Year 1976. 
= 
2 Start Period 
Case Type Pre' Pre' Radar Rawinsonde 
Case Hour S/u ctp Clp __
Periods Date MST Conv. Index West East RCIT CIT CBH CTH Wmd9K 
9 1 S Mar. 16 1600- OROG 6.5 5.0 M S S S 309/19 
2 2000 33 4.8 1.3 M 40 10 22 312/20 
10 1 U Mar. 17 2030- OROG 0.6 0.3 V -12 10 13 259/23 
2 0030 32 1.6 1.0 V -27 9 20 265/23 
11 1 S Mar. 20 1045- C 1.5 2.2 ·17 -17 14 15 252/17 
2 1445 223 1.5 0.8 M ·21 14 17 257/15 
12 1 S Mar. 21 1815- ca 1.0 2.5 42 45 V 29 218/29 
2 2215 1196 2.0 0.8 48 . -50 V 31 207/31 
13 1 S Mar. 22 0915· C 18.2 12.4 V S S S 292/19 
2 1315 190 5.8 7.4 V S S S 282/19 
14 1 S Mar. 24 0845- OROG 1.4 0.8 -15V -11 7 11 291/21 
2 1245 42 1.6 0.7 ·15V ·14 7 12 294/20 
15 1 S Mar. 25 0545- CYCL 20.4 13.2 45 48 6 31 230/28 
2 0945 15 26.6 17.5 45 -13* 7 15* 220/21 
aNo convection observed; this is the only case excluded by the index of potential convection, wherein no convection was 
observed. 
Table 8. Continued. C: FisCGl Year 1976. 
2 Start Period Case Type Precip Precip Radar Rawinsonde Case Hour S/U 
Periods Date MST COnY. Index West East RCIT CIT CBH CTH Wind9K 
1 S Feb. 8 2000- OROG 15.0 12.2 M 48 5 32 238/24 
2 0000 23 10.8 9.8 M 49 8 32 236/24 
2 1 U Feb. 14 1300· OROG 6.3 4.0 V ·13 9 12 253/34 
2 1700 17 1.5 1.6 V -15 8 13 257/28 
3 1 S Feb. 15 1230- C 8.5 6.8 -28 -25 13 17 289/25 
2 1630 107 3.3 1.6 -21V -20 la 14 289/17 
4 1 U Feb. 16 1400- OROG 8.3 9.4 ·39 48,-12 7 32,13 258/34 
2 1800 1 7.3 2.8 -32,-13 -16 8 14 267/35 
5 1 S Feb. 19 2000- OROG 3.3 2.6 -25 -16 9 10 294/11 
2 0000 51 1.3 0.6 S -18 7 11 326/13 
6 1 S feb. 28 2230· FR,CYCL 7.3 5.3 ·25 ·51 5 32 255/33 
2 0230 1 7.0 7.8 -24 V 5 V 255/35 
7 1 U Mar. 1 1445- OROG 10.3 10.7 47 47 6 27 278/22 
2 1845 2 4.8 7.3 47 V 5 V 279/22 
8 1 U Mar. 14 1200- FR/C 16.0 17.3 ·26 S S S 297/24 
2 1600 115 6.3 5.5 M -15 9 12 303/23 
9 1 S Mar. 19 0700- C 6.3 6.5 -21* 40 11 21 293/21 
2 1100 233 2.0 0.0 -20* ·21* 10 12* 295/21 
10 1 U Mar. 27 1315- OROG 2.7 3.7 -28 -19 11 14 291/13 
2 1715 35 2.3 0.0 -35 -20 12 14 296/18 
M Data missing. 
S No cloud layer detected. 
V Highly variable. 
* Cloud layer above. 
** Thin cloud layer below. 
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During the course of the program. it beeame 
evident that events of about four hours would be more 
appropriate for analysis. The typieally strong varia-
tions over an eight hour interval preclude the 
characterization of an event by a single value....ef a 
parameter sueb as cloud top temperature. In many 
instances the second half of an event was greatly 
different from the first half. Therefore,· it was decided 
to split the eight hour events into two parts and 
proceed to conect subsequent data in four hour units. 
7.2 AuIysis 01 Seeded &lid Uueeded Events 
7.2.1 Radar Vel'lU Rawluoade Cloud IleJp.ts 
aDd Temperatures. The Hill AFB vertical incidence 
radar unit and the Mendon rawinsondes provide 
independent sources of cloud top heights ;:.nd 
temperatures. A comparison of data obtained by the 
two methods. therefore. is desirable. In this compari-
son both data sets consist of four hour averages. 
Values of cloud top temperature for the two 
methods for all four hour periods with available data 
are shown in Figure 36. There is an apparent 
relationship between the cloud top temperatures 
determined by the different methods. but there i.q a 
large scatter of data. Presumably, the scatter could be 
due to differences in the method or to natural 
variability of the cloud top distribution. For example. 
the convective events, which are circled in the figure, 
are widely scattered. Furthermore. an inspection of 
Table 8 reveals that there is a large time variation of 
cloud top temperatures within each event for both 
methods. 
To reduce this nablral variability only the cloud 
top temperatures are compared for orographic events 
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with single layer structure, and relatively low time 
variation of cloud tops as determined by either 
method. These cloud top heights are shown in Figure 
37 and the cloud top temperatures in Figure 38. It is 
clear from these figures that there is a wen defined 
relationship between the radar and rawinsonde cloud 
top heights and temperatures. In general the 
rawinsonde temperatures are about 100c colder for 
the very coldest clouds; there is about a one to one 
for the very coldest clouds; there is about a one to one 
correspondence for the warmest clouds. One notable 
exception to the relationship is ease 74-4a; further 
inspection of related data indicates that the clouds 
were deeper over Hill AFB than in the vicinity of the 
rawinsonde site. 
The main systematic difference between the two 
cloud top temperature determinations may be 
explained by at least two reasons. One is that radar 
signals are attenuated roughly in proportion to the 
depth of the cloud. Thus, the radar cloud top 
temperatures would be warmer than the rawin80nde 
temperatures. Another reason is that whereas the Hill 
AFB soundings are upwind of the mountains, the 
rawinsondes are closer or even over the mountains by 
the time the package reaches cloud top heights. With 
lifting occurring in the vicinity of the mountains the 
rawinsonde cloud top temperatures would be colder 
than the radar temperatures. The vertical motion 
required for this change in cloud top can be easily 
estimated. For example, with a humidity of 75 percent 
of ice saturation at a temper\ture of -45°C. a vertical 
velocity of around 15 em sec- over a half hour period 
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Figure 67. Cloud top heights in QrograpkiA!. single-
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RADAR CLOUD TOP TEMPERATURE (OCI 
Figure 88. Olmul top temperatures in orogmpAic, 
single-layered clouds jrqm ra,d,ar atld 
ratoimotldes. 
Of the two reasons for the differences, the latter 
is likely to be the responsible one. Higher cloud tops 
over the mountains compared to those over locations 
just upwind of the mountains are commonly observed. 
Furthermore. attenuation of signals from the TPQ-l1 
radar over the distances involved is probably of little 
consequence. 
7.Z.2 CIoad Top Temperat;are VariebDlty.1f it is 
indeed the cloud top temperature that identifies 
suitable clouds for seeding, an analysis of the 
space-time variability is desired. It has already been 
found that when rawinsonde and radar cloud top 
temperatures are compared from measurements at 
stations about 70 km apart and in a variety of 
meteorlogical cloud types, the correspondence is poor. 
But when only single layer orographic clouds are 
considered the relationship is greatly improved. Thus, 
the wide seatter of the full data set indicates strong 
natural variability over the distance between stations. 
To eliminate differences in cloud top temperature due 
to location and method, a comparison of radar cloud 
top temperatures at successive two-hour periods is 
made. These data are shown in Figure 39. The 
standard deviation of the two-hour average cloud top 
temperature from the two previous hours for the 
locations of Hill AFB is SOC. These two-hourly values 
are average values, so some smoothing of the natural 
variability has already been made. Furthermore, pairs 
of two-hourly periods in which no radar cloud top 
temperature was reported in either period, due to 
scattered cloud conditions, are not included in the 
analysis. Therefore, whatever variability is found 
represents an underestimate of cloud top temperature 
variability. 
A similar comparison may be made for the 
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Figure 89. Rar cloud top temperatures at sueces-
ft'IJe two Aour intervals. 
shown in Figure 40. Here the standard deviation of the 
two-hour change is about SOC. However, the overall 
seatter is larger for the rawinsonde data than the 
radar data. The difference in scatter is probably due to 
the reporting procedures; with scattered or broken 
cloud cover the radar cloud tops are often not 
reported. Thus, instances with large changes in cloud 
top heights. such as during clearing conditions, may 
-60 
~ -50 
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SOUNDING CLOUD TOP TEMPERATURE (OC) 
(2 Hours Later) 
Figure 40. RawinBotIde cloud top temperatures at 
BUCCeSft'IJe two Aour intenHJls. 
not be reported in the radar data. In any ease the 
standard deviation of cloud top temperatures for weD 
defined clouds is around 50C or 60C for two-hourly 
changes. For longer periods than two hours the 
change in cloud top temperature is much larger. For 
four-hour changes of the two-hour averages of 
rawinsonde cloud top temperatures, the standard 
deviation is about 1SOC. Data for these eases, derived 
from Table 8, are shown in Figure 41. For a six-hour 
change the standard deviation increases to about 
22OC, although this deviation is based upon a 
relatively small sample, as shown in Figure 42. A 
graph of these standard deviations of two-hourly 
averages of cloud top temperatures for the various 
time periods is shown in Figure 48. It is clear that as 
the time span increases, the cloud top temperature 
undergoes increasingly large variations. We may 
conclude that substantial changes in cloud top 
temperature occur over relatively short periods of 
time; in other words cloud top temperatures used as a 
guide for cloud seeding potential should be determined 
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Figure 41. RtJ'WinB01Ule cloud top temperatures at 
succe8Bive fou,f' Aouf' intenxU8. 
7.2.3 Cload 8eediD« Poteatial. The use of cloud 
top temperature for identifying cloud seeding poten-
tial is, of course, related to the concentration of ice 
particles, which grow at the expense of supercooled 
water. The presence of supercooled water may 
indicate a deficiency in the concentration of ice 
particles. With cold cloud tops there is likely to be an 
abundance of ice particles, and consequently, very 
little supercooled water. Conversely, with relatively 
warm cloud tops, in excess of -2600 for example, there 
may be a deficiency in the ice particle concentration 
and supercooled cloud droplets could be sustained. 
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16 Hours Loter) 
Figuf'e 42. RtJ'WinBonde8 cloud top temperatures at 


























TIME DIFFERENCE (Hrs.) 
Figure 48. StandiJnl deviatim& 0/ two houf'ly 41Ief'-
ages 0/ cloud top tempemtvres Vef'8U8 
time. 
the ice crystal concentration, which in turn affects the 
amount of supercooled water. 
Direct measurements of the ice crystal and 
supercooled water eoDeentrations would be prefer-
able. There are various quasi-direct measurements of 
supercooled water available. One such is based upon 
reports of aircraft icing. These reports give qualita-
tive measurements of the icing rate, which is a crude 
measure of the concentration of supercooled water. 
To estimate the concentration of ice crystals, 
precipitation amounts over speeffied intervals may be 
used. That is, high precipitation rates would 
correspond to high amounts of ice within a cloud 
system and low precipitation rates would correspond 
to low am~ts. 
In this analysis, four-hour periods were used, two 
from eight-hour events and one from four-hour 
events. Aircraft icing reports were plotted on 
time-height charts and each four-hour period cIauified 
into categories of icing varying from none, very light, 
light, light to moderate, moderate, moderate to 
heavy, and heavy; a corresponding numerical value 
ranging from 0 toG W88 assigned to each period. These 
icing rates are shown as a function of rawinsonde cloud 
top temperature in Figure 44. Cases with scattered 
clou"" or thiek.nesses of 600 m '(2000 ft) or leu were 
omitted, because aireraft could easily fly outside of 
such clouds. There appears to be a very slight trend 
toward increased icing for the warmer cloud tops. This 
trend is in spite of the generally thinner clouds 
sometimes found with the warmer, or lower. clouds. 
To obtain an overall measure of seedabDity the 
aireraft icing rate is divided by the four-hour 
precipitation amount. This ratio is an index of the ratio 
of supercooled water,concentration to the concentra-
tion of ice particles. The seedability indices for 
four-hour periods with available data are shown in 
Figure 46 88 a function of the rawinsonde cloud top 
temperature for unseeded and seeded eases. The 
treDd toward increased seedabDity at warmer cloud 
top temperatures is evident. Out of all the unseeded 
events, about 15 percent of the precipitation fell when 
the seedabiIity index W88 equal to 0.5 or greater. U by 
seeding in these eases the amount of precipitation 






























AIRCRAFT ICING RATE 
Figure.u. Airenift icing mte IHW"" mwinaonde 
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AIRCRAFT ICING RATE I FOUR HOUR PRECIPITATION 
Figure +5. Aircraft icing rate divided by four Aour 
precipitation tier"" mwinaonde c/qud top 
temperature. 
would be 15 percent. Of course, the actual increase in 
precipitation for these events is not known, but a 
doubling for particular individual events is Dot 
unreasonable. 
7.1.4 Uee of PreeIpIt:adea E ............ the 
AMiyIIIt of 8111 .... EBecta. To reduce the uncer-
tainty of precipitation due to natural variations, use of 
precipitatiOD estimators is made. Available meteoro-
logical parameters are those derived from rawinsonde 
data. As before, the difference in cloud base and cloud 
top mixing ratio is multiplied by the 2750 m (9000 ft) 
wind Dormal to the mountain-barrier axis. 
A tabulation of data for four-hour periods is given 
in Table 9 for eveDts designated 88 orographic but 
with single cloud layers and not highly variable. All 
unseeded orographic events listed in Table 8 in which 
two COD88CUtive entries appear with numerieal values 
of the required parameters were used to develop the 
predictor. In Table 9 four-hour averages of cloud-base 
and clOud-top mixing ratios, the cloud top tempera-
ture, wind, and precipitation are giveD. 
An improved relationship between the precipita-
tion estimator and precipitation is obtained if the 
linear estimator is squared. Or. another equivalent 
relationship is fouDd by using the fourth root of the 
precipitation and the square root of the linear 
estimator. This approach is preferable because the 
distribution of the fourth root of precipitation is nearly 
normal (Lopez and Nason, 1967). For this reason. 
results are given with precipitation to the fourth root 
along with the ~ root of the p~pitatioD 
estimator; that is p' is compared with €. • 
Table 9. Single 1G,ereti. M'O{fI'fII)Aic clouds (with atHlilable data). 
i 
Year Case stu CBMR CTMR 
74 2a U 2.5 1.3 
2b U 1.9 1.8 
3b S 2.8 0.2 
4a U 4.0 3.0 
5b U 3.1 1.9 
8a S 2.8 0.6 
8b S 3.2 0.9 
9b S 3.6 1.8 
lOa S 4.0 0.8 
lOb S 3.4 2.8 
12b S 4.2 1.2 
13b U 3.3 0.2 
14a S 4.1 1.1 
14b S 3.2 0.3 
15a U 2.8 1.7 
I5b U 2.8 0.1 
16a U 4.4 0.2 
16b U 4.7 0.2 
75 4a S 3.4 0.1 
4b S 4.0 0.1 
5a U 3.7 2.9 
5b U 4.6 2.9 
6a U 5.4 1.6 
6b U 2.1 1.8 
10 U 2.7 1.6 
14 S 3.5 2.0 
76 1 S 4.6 0.2 
2 U 3.2 2.0 
5 S 2.4 1.6 
10 U 1.7 1.2 
The first comparison using the improved estima-
tor is made between 1ID8eed.ed and seeded events from 
Table 9 for. warm and cold cloud top temperature 
categories. For the unaeeded events both the warm> 
and cold categories are used together because there 
are relatively few events. Precipitation data versus 
the precipitation estimator for the 1ID8eed.ed eventa 
and the seeded events in the warm category are 
shown in Figure 46. The difference between unseeded 
and seeded precipitation is not statisticall;y significant 
at the 0.10 level, based upon a one tailed Student's t 
test. Similarly. precipitation data versus the precipi-
tation estimator for 1ID8eed.ed events and seeded 
events in the cold category are shown in Figure 47; ·no 
significant difference is found at the 0.10 level. 
7.2.5 ~01 Greaad 8eedIDc ........ with 
Sapen:Gllea Water StntIIIe. .... An analysis of 
ground seeding events classified aceording to aireraft 
reports of icing conditions is made in a similar way as 
was done in the aireraft seeding program. For this 
purpose Pilot Reports (PIREPS) were anaI;yzed for 
each event. All reports were noted on the height-time 
graphs of cloud structure; these reports are listed in 
Appendix A. Then each four-hour period was 
elassified aecmding to categories as described in 
Section 1.2.3. Events classified as light to moderate 
icing or greater are considered in this anal;ysis; these 
events and related data are listed in Table 10. To 
obtain a result that would be comparable to the 
airborne seeding program. the (linear) estimator used 
56 
.MfR V Estimator Precip. Sen' 
1.2 24 29 6.4 -16 
0.1 16 2 0.1 -IS 
2.6 34 88 0.4 -48 
1.0 13 13 0.1 -10 
1.2 16 19 2.1 -16 
2.2 26 57 14.8 -31 
2.3 27 62 12.3 -25 
1.8 34 61 6.2 -16 
3.2 34 108 33.1 -48 
0.6 25 15 6.5 - 9 
3.0 14 42 2.8 -18 
3.1 6 19 5.7 -49 
3.0 19 57 2.6 -25 
2.9 19 55 24.3 -42 
1.1 26 29 3.2 -19 
2.7 25 68 6.0 -55 
4.2 38 160 19.4 -36 
4.5 33 149 37.2 -41 
3.3 23 76 8.7 -52 
3.9 28 109 20.1 -52 
0.8 11 9 0.6 - 9 
1.7 13 22 1.6 -10 
3.8 19 72 5.5 -14 
0.3 11 3 0.7 -18 
1.1 23 25 1.7 -20 
1.5 19 29 2.2 -13 
4.4 20 88 23.9 -49 
1.2 30 36 6.7 -14 
0.8 9 7 3.9 -17 
0.5 14 7 4.3 -20 
is the same as that in the earlier program. namely. the 
product of the difference between the cloud base and 
cloud top mixing ratios and the 27&0 m (9000 ft) wind 
normal to the mountain-barrier axis. Results for 
events with available data are shown in Figure 48; 
compare with Figure 34 for the airborne seeding 
program. 
For a given value of the estimator there is about 
20 pereent more precipitation in the seeded events 
than in the 1ID8eed.ed, when all events are considered. 
When only the orographic: events are considered, an 
inerease of precipitation in the seeded events is 42 
pereent. Again, as in the airborne seeding program, 
the small number of events in the 1ID8eed.ed and 
seeded categories makes the results uncertain and not 
statisticalJ.;y significant at the 0.10 level. However. 
these differenees in preclpitation between the unseed-
ed and seeded events are similar in both programs. 
Thus, in a sense, the two programs are both additive 
and independent. 
lnasmueh as the foregoing results may be 
indicative of a seeding effect, especiall;y when both 
programs are considered, further eumination of the 
data is warranted. Two steps are taken in this regard. 
First, use is made of the improved estimators. as in 
the previous section; and second. for both unseeded 
and seeded events the ground and aireraft data are 
grouped together. 
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7lIble 10. Aircraft icing etJ __ : groufJd seeding. 
l' 
Year Case S/U Icing CBMR crMR 
74 la S LM 2.4 2.2 
6a S LM 
7a S M 
7b S M 
8a S M 2.8 0.6 
8b S M 3.2 0.9 
9a S LM 3.0 0.7 
9b S LM 3.6 1.8 
lOa S LM 4.0 0.8 
lOb S LM 3,4 2.8 
12a S LM 4.1 2.5 
12b S M 4.2 1.2 
16a U M 4.4 0.2 
16b U LM 4.7 0.2 
19a S LM 
19b S LM 0.6 0.2' 
7S la U LM 3.7 0.4 
Ib U M 3.9 2.1 
2a U MH 
2b U M 
6a U M 5.4 1.6 
7a S LM 3.2; 1.3 
7b S LM 
14 S M 3.5 2.0 
76 1 S LM 4.6 0.2 
6 S LM 4.2 0.1 
8 u LM 2.9 1.6 
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Figure 48. Predpltatitm 1Iet"8UB precipitation estimGtor lor umeeded and seeded orof11'(Jfl4ic ell __ with at least 
light to modenIte afrcrGft icing during the groufJd based seeding progrGm. 
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Precipitation data from the airborne seeding 
program are made compatible with the gronnd 
seeding program $0 that events from both program.a 
may be combined. To make the precipitation data 
comparable, the observed rather than standardized 
preeipitation from the airborne seeding program are 
averaged from oDly the same 11 gages used in the 
ground seeding program. Furtbermore, the precipita· 
tion estimator based upon radar data is adjusted so 
that the estimators from both programs are compati-
ble. The most important difference between tbe radar 
and rawinsonde parameters which affect the estima-
tors is due to the measurement of cloud base height. 
Typieally, cloud bases are lower (and cloud tops are 
higher) at the rawinsondea site compared to the radar 
site. A plot of the difference in cloud base heights 
versus radar cloud base height is shown in Figure 49; a 
positive difference indicates the cloud bases the lower 
at the rawinsonde site. Thus a radar cloud base height 
can be adjusted to eoineide with the rawinsonde data, 
at least in a statistical sense. 
As may be found from Table 7, there are four 
unaeeded and four seeded events from the airborne 
seeding program, wbieb are cl8aaified as both 
orographic and ieing events. They are 70-8, 71-14. and 
72-18 for both unaeeded and seeded, 71-15 for the 
unaeeded portion only, and 70-11 for the ~ 
portion only. For these events, the modified parame-
ters are listed in Table 11 along with the observed 
average precipitation for the eleven gages WIed in the 
ground seeding program. 
In each of three comparisons to follow. tbe 
combined ground and airborne unaeeded events are 
used. The seeded events are (1) tbe ground events, (2) 
the airborne events. and (8) the combined ground and 
airborne events. 
In Figure 50 the unseeded ground/air events and 
the seeded ground events are shown. The difference in 
slope of the regression lines (with zero intereept) for 
unaeeded and seeded events is significant at the 0.06 
level. 
In Figure 51, the unaeeded ground/air events and 
the seeded air events are shown. Here, with oDly four 
seeded events, the difference in slope of the 
regression linea (with zero intereept) is not significant 
at the 0.10 level. However, the difference in slope is 
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Figure 49. BGdGr cloud ba.te Mig"t Wf'Bt.C8 radar 
mit&uB tie rowituonde cloud ba.te Mig"'. 
In Figure 52, the unaeeded ground/air events and 
tbe seeded ground/air events are shown. The 
difference in slope of the regression linea (with zero 
intercept) is significant at the 0.08 level. Thus. the 
combined programs yield an apparent seeding effect 
under certain eireumstaneea. According to these 
results, when ligbt to moderate or greater aircraft 
ieing is oeeurring upwind of the mountain barrier, a 
large increase in orograpbie precipitation may be 
caused by seeding. These increases may be visualized 
more clearly when the regression lines of Figure 62 
are transformed to a plot of linear precipitation versus 
a quadratic estimator as shown in Figure 63; for a 
given value of the estimator, the seeded precipitation 
is 2.36 times tbe unaeeded precipitation in the class of 
events characterized as having high supereooled 
water content. 
Table 11. Ai:rcro/t icing e'Vents: airborne BeetUng (Of'OfII'GP"ic e'VBfttB, valueB compatible wit" groundseeding 
progrum). 
Year Case S/U CBMR CfMR ~R V Estimator Precipitation 
70 8-1 U 4.8 0.3 4.5 23 106 24.2 
8-2 S 4.5 0.4 4.1 28 114 38.6 
11-2 S 5.5 0.7 4.8 20 96 27.1 
71 14-1 U 3.2 1.9 1.3 15 20 0.1 
14·2 S 3.4 2.8 0.6 15 9 0.1 
15-1 U 2.3 1.2 1.1 23 25 1.1 
72 18-1 S 4.8 0.6 4.2 20 84 5.6 
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Figure 51. Precipito.titm (4th fOOt) t1et'8UI precipito.titm e,«mcJtor (,quare fOOt) fr;r u'II8eetled ground/air 
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Figure 62. PrecipitGtion (#A root) tlerBUI precipitGtion eBtimator (Bquare root) fiw UflBeeded grolllnd/ai.r 
orogmpAk ewnts end Beeded groutttVair orograpAk ewntB with reportB 0/ at leat ligAt fiw aircraft 
icing etletJts. 
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Figure 58, 'l'm:u/MTMd precipitGtion and pre ... 
tati.otI eBtimator relatiomAipB from Fig-
ure 61 witA l:inear precipitGtion Beale. tJftd 
zero intercepts OR tile ref1l'8BBiOR .... 
It is of interest to note that the precipitation 
estimator correlates with precipitation of the com-
bined ground/air unseeded events at the 0.98 level; on 
the other hand a similar comparison using seeded 
events (Figure 62) yields a correlation of 0.81. The 
increased scatter of data in the seeded events may 
itself be a seeding effect. 
In all the foregoing analyses using precipitation 
estimators, the regression Hnes have been forced· 
61 
through the origin. In finding a regression relation-
ship. this approaeh is useful when there are only few 
data. such as for the seeded events in Figures 46 and 
4.7. On the other hand for the combined air and ground 
programs there is a larger data base. As may be noted 
in Figure 62, the intercept for either unseeded or 
seeded events is other than zero. Therefore, a 
reanalysis of that data is made accordingly. Analysis 
of errors for the two separate relationships as 
compared to a single relationship for both unseeded 
and seeded events shows that the two separate 
relationships are better than the single one with a 
significance level of 0.03. 
When relationships with non-zero intercepts are 
traDsformed as shown in Figure 64, seeding effects 
again are apparent. It is noted that the value of tbe 
estimator is greater than 100 in only 6 events out of 
28. Thus. most of the data Des in the coordinates of the 
graphs where the results are similar to those of Figure 
63. In this range increased precipitation is around 6 to 
10 hundredths inch per four hours when meteorologi-
cal conditions are appropriate. Finally. the fractional 
increase in precipitation associated with seeding for 
these .vents is shown in Figure 66 as a function of the 
precipitation estimator. At low values of the 
estimator. the fractional increase in precipitation is 
large, and decreases steadDy with increasing values of 
the estimator. 
These results are somewhat consistent with cloud 
top temperature concepts. That is, the greatest 
fractional increases from cloud seeding may be 
expected when there is a moderately low value of the 
precipitation estimator. In this situation, the cloud top 
mixture ratio is apt to be high and the corresponding 
temperature is relatively warm. which is to asy that 
clouds with warm tops are more suitable for seeding 
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already indicated. the identification of which clouds 
are seedable is best done by some direct measure of 
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Figure 54. '1'n:msjOfTlUld precipitation and precipita-
tion e.ttmtJtor relo.tion8lrips from Figure 
6f with linear precipitation .cale. and 
ftOft·zero intercept. on the regre.sion 
line •• 
To assess the total potential of precipitation 
augmentation by see4ing. both the climatology of the 
precipitation estimator and the oeeurrence of relative-
ly high concentrations of supercooled water are 
needed. The former may be assessed from existing 
National Weather Service records. but little is known 
about the frequency. geographieal extent of intensity 
of periods with high supercooled water concentrations 
over the course of a winter season. Until such data 
become available. only very crUde approximations to 
the seeding potential can be made. One such estimate 
can be made on the bssis of the airborne program. Out 
62 
of a total of 80 events there were 14 classified as 
haVing light to moderate or greater aircraft icing. or 
about 17 percent of the events. 
The net seeding effect from suitable storms can 
be estimated by projecting all the precipitation values 
on Figure 52 first onto the unseeded regression line 
and then onto the seeded regression line. The value of 
the estimator for each event is left unchanged. Then 
the ratio of the seeded to unseeded precipitation as 
adjusted and summed for all events may be found. 
This procedure takes into account both the variable 
seeding effect as a function of the estimator and the 
observed distn'bution of the estimator. The result of 
this ealeulation is a ratio of 1.86. Thus the net seeding 
effect is 1.86 times 17 percent. or 32 percent of the 
winter precipitation. It is interesting to note that the 
ratio 1.86. aeeoeg to Figure 55a, occurs at a value of 
€ = 95. or €. = 9.7. By' inspeetionofFigure52, it is 
clear that this value of €.5 is associated with the more 
intense of the orographic storms. While the percen-
tage of seeding effect increases rapidly with the 
weaker storms, the net gain of precipitation is apt to 
be derived from the not so weak storms. For example, 
with € = 95 and V = 20 kts the cloud top and cloud 
base mixing ratio difference is 4.75. which is a value 
typieal of low cloud bases in winter. Consequently. the 
cloud top mixing ratio must be close to zero. or in 
other words the cloud tops are high and in the cold 
category. i.e., less than -SOOC. Therefore. aeeordingto 
these results, storms with both warm and cold cloud 
top temperatures may be seeded for precipitation 
increases provided sufficient supercooled water is 
present. It appears from these ealculations that large 
increases in winter orographic precipitation may be 
derived from about one-sixth of the winter storms. 
As a final statement concerning the achievement 
of precipitation increases by seeding. it is emphasized 
that the foregoing results are a po.teriori and 
therefore must be regarded as tentative. Verification 
of these results should be of high priority. It is 
therefore postulated that precipitation may be greatly 
enhanced by artificial seeding when the concentration 
of supercooled water in winter orographic clouds is 
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Figure 65«. Ratio of seeded to umeeded precipit4tion verBUB the _or estimator for orographic events with 
light to moderate o.ircroft icing. . 
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Figure 66b. Logarithmic graph of ratio of seeded to unseeded pretipitation verBUB the li1Ular estimator for 




In this seetion the findings which are considered 
of primary importance will be outlined. Probably the 
most important finding is that a strong seeding effect 
is evident in both the airborne and the ground seeding 
programs. when supercooled water is present in 
substantial amounts, as indicated by aircraft reports 
of icing conditions. As GpoBteriori analysis of seeding 
effects shows that preeipitation may be increased 
several times over its natural amount in individual 
storm periods. An estimate of the cloud seeding 
potential yields a winter season increase about thirty 
pereent. 
Stratification according to cloud top temperature 
yielded results wmch are not regarded as significant. 
Apparently, the presence of supercooled water is not 
well indicated by cloud top temperature. However, an 
analysis of this relationship showed a weak trend 
toward higher supercooled water amounts at warmer 
cloud top temperatures. The fact that seeding 
apparently increases preeipitation in supercooled 
water clouds, but not at warm cloud top temperatures 
at least in an identifiable amount, tends to support the 
presence of only a weak relationship. Thus. it would 
appear that direet measurements of supercooled liquid 
water as a means of identifying seedability would be 
highly desirable. Inasmuch as aircraft reports of ieing 
conditions were obtained within the bounds of 
ordinary. or slightly speeialized. air traffic routes, no 
special difficulty should prohibit such measurements. 
In other words. measurements of supercooled water 
need not be made in the immediate vieinity of 
mountains at altitudes hazardous to aireraft. 
Other findings of special interest to weather 
modification projects are several: the use of preeipita· 
tion estimators is very effective in accelerating the 
detection of seeding effects: correlation coefficients 
between a preeipitation estimator and preeipitstion 
are found typieally in the range from 0.70 to 0.95. In 
these simple estimators. the mixing ratio and wind 
speed are used. Relationsbips are improved signifi-
cantly if the square of a linear estimator is used, Then 
the fourth root of these parameters is used to achieve 
normal distributions. Classification of experimental 
events has proved useful: orographic preeipitation is 
charaeterlstieally more predictable than frontal. 
cyclonic. or convective. Non-orographic preeipitation 
is more variable. le88 representative and usually 
greater than the orographic. When a few non-
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orographic events are combined with many orograpbic 
ones, the results may be unrealistic. 
In the analysis of data. it was found that cloud top 
temperatures could be well defined by the top of ice 
saturation. at least in most instances. Vertical 
incidence radar was used as a basis of comparison. It 
was also found that cloud top temperatures. governed 
by the humidity field, vary greatly over relatively 
short periods of time. In two hours the standard 
deviation of the cloud top temperature is 5.500: in four 
hours it is ].8OC and in six hours. 22OC. 
Two additional points are noteworthy. One is that 
cloud top temperatures found from rawinsondes. are 
greatly in error if solar shielded rawinsondes were not 
used. as was the ease prior to about 1971 or 1972. 
Another point is that when one is free to choose the 
physical limits. especially two sided ones within which 
an effect is supposed to occur. an otherwise not 
statistieally significant variation becomes apparently 
significant. It is the exclusion of apparently adverse 
seeding effects by the precise specification of limits 
that augments the variation to a more favorable 
amount. This problem is present even in ranges 
wherein a physical basis is present. 
8.1 ............... tiou 
The primary recommendation derived from this 
program is that the identification of suitable clouds for 
seeding in winter orographic storms should be carried 
out by aircraft. equipped to measure supereooled 
water concentrations. The seeding itself can be 
carried out from either the air or ground. Although 
the ground seeding program yielded more definitive 
results than the air seeding program (due to the 
numbet' of suitable events), effects of seeding at later 
times than that intended is not known. In the ease of 
ground seeding such after effects are apt to be more 
pronounced than with airborne seeding. However, the 
critical factor appears to be the identification of 
suitable clouds for seeding. 
It is suggested that this approach to cloud seeding 
be used in both operational and experimental 
programs. That is, sufficient measurements of 
supercooled water along with other quantities such as 
preeipitation should be made on a regular basis both 
for the identification of seedable clouds and for the 
evaluation of the programs. 
Another recommendation is that put experimen· 
tal projeets should be reexamined to ensure that the 
cloud top temperatures used are appropriate, i.e., 
that solar shield rawinsondes were used and that a 
sufficient frequency of releases were made. Also. 
further examination of the choice of limJ.ts..of-effect 
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should be made so that noise tJpe variations are not 
braeketed and then appear as a seeding effect. In 
projects where supercooled water or closely related 
meaSurements are available. a reanalysis should be 
made with the presence of substantial supereooled 
water as a basis of stratification. 
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A.O APPENDIX A 
A.I Airbone s.e.ua. .......... 
During the airborne seeding program. a pOot 
report of each seeding flight was prepared. One such 
report is reproduced in Figure 66. It is from these 
reports that the airborne seeding events are elassified 
as to degree of aireraft ieing. Following this sample 
report. a list of icing conditioDS extracted from these 
pilot reports is given in Table 12. In essence the 
extractioDS are quotes. Fourteen events eIassified as 
light to moderate ieing or greater are eireled. Five of 
these events are eIassified as orographic with 
complete data (precipitation and Cache Peak rawiD· 
sonde). These events are doubly circled. Case 70·11 is 
orographic during the seeded period only and 71·15 
during the UD88ed.ed period only; the other three are 
orographic during both the UD8eeded and seeded 
periods. 
Test ease 1171·9 
nate 11th. Jan. 1971 
Seeding track B·3 
Seeding start time 1900 local 
Seed second half. Test period begins at 1500 local 
Seeding altitude 11.000 MSL 
Seeding rate 2 grams per minute 
Forecast winds 225 magnetic at 25 nauts 
Take-off 1849 Land 2112 
Total flight time 2.4 hours . 
Seeding start time 1900 actual 
Agl seeding material consumed 270 grams 
Alert received 1510 
Rellllll'ks: 
Take-off was made using runway 16. winds were 
from 140 degrees at 5 nauts. Weather conditions were 
5.000 overea8t with visibility greater than 30 miles in 
all direetioDS. Surface temperature was plus 4 degrees 
centigrade. The runway and taxi ways were standing 
pools of water and were icy in spots. 
The temperature at seeding altitude remained 
constant at -10C during the seeding flight but the 
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A.2 Groand Sed"" .......... 
To obtain data on aireraft ieing during the ground 
seeding program it is necessary to use pilot reports by 
eommereial and military flights. In Table 13 such 
reports as available are listed for periods before. 
during and after each event. The time1 approximate 
location and altitude is given along with the pilot 
characterization of icing. A list of locations is provided 
at the end of the table. These reports are then given 
an overall classification for each four hour period as in 
the airborne program. In making the classification 
several factors are coDSidered. The time and altitude 
of the report are entered onto graphs of cloud bases 
and tops so that the inteDSity of ieing may be 
evaluated according to cloud pattern and ~e of 
event. 
temperature showed a warming trend at the end of 
the flight. 
The seeding flight was conducted in and out of 
cloud. always near the top of the overcast. Higher 
buildups were observed to the east. Very light rime 
ice was building while in cloud and very light 
turbulanee was observed during that time spent in the 
clouds. Light snow showers were noticed in the cloud 
and icy crystal were apparent during the flight above 
the overcast. There were no signs of a higher overcast 
as was observed during test ease 1#8. 
Light snow showers were encountered during our 
descent. but there was no preeip at the airport upon 
landing. Cloud bases remained at 9.000 feet during the 
entire flight. 
The overcast layer was fairly heavy and solid. 
throughout the flight it was never possible to observe 
the ground through breaks in the overcast or through 
light cloud. 
The flight went off very smoothly. presenting no 
problems. The fuel adjustment apparently resolved 
the problems with the right engine as encountered on 
the prior test ease. 
Table 1'. Aircroft icing report,: airbome ,eeding program. 
Event Report 
70 1 None 
2 None 
3 Some light rime ice 
4 None 
5 Very light rime 
6 Ughtrime 
7 Very light ice 
@ CI'wo PIREPS OOD) Moderate rime 
9 Some light rime 
10 Light rime 
@ Ught to moderate rime ice led to break 
in seeding for 18 minutes to descend and 
de-ice;(pIREPOGD): moderate to heavy 
ice, losing power 
12 Ughtice 
13 Light ice 
14 Very light ice 
15 Some light clear ice 
@ Ught to moderate rime ice; (PIREP SLC 
light to moderate ice) 
17 Light rime 
18 Very light rime 
71 1 Ughtrime 
G> Light to moderate: total to 3 inches built 
up on air frame; de-icing equipment 
proved adequate 
3 Light to moderate icing, but limited to 




7 Light: 3/8 inch rime accumulation 
8 None 
9 Very light rime 
10 None 
11 Very light 
12 Ught rime only during climb 
13 None 
® Two inches of rime/clear in 30 minutes; 
~ necessary to descend Moderate: two inches in 50 minutes; flight discontinued due to ground based 
communications problem 
16 Ught clear icing 
17 Light clear icing 
18 Very light icing 
19 None 
20 Light icing briefly 
@ Heavy rime ice: icing rate was probably 
an ince every 15 minutes 
Another faetor considered in elassifying icing is 
the time of the event itself. During the daytime an 
absence of reports may be interpreted as meaning no 
significant ieing (or turbuIance); at night an absence of 
reports simply means no aireraft are flying in the 
vicinity. In Figure 57 a plot of number of PIREPS 
versus time is shown. It is clear that few reports are 
available between about 0500 and 1300 GMT. On the 
other hand a mueh larger number of reports are 




23 Light icing 
@ 1% inch of ice during nrst half; very 





29 Very light ice 
30 Very light ice 
31 None 
32 Very light ice 
33 Very light ice 
34 None 
72 1 None 
2 No flight 
G) Moderate aircraft icing; aborted due to 
radio failure 
4 None 






11 No flight 
12 None 
13 No flight 
14 Light ice: about 1/8 inch per hour 
@ Ice build-up fast in cloud; numerous 
PI REPS of heavy icing Nand NW of 
@ Ogden from 12K to 20K ft. Light icing during the time in clouds; 
accumulation of about 1 inch 
17 None 
@ Over 1 inch accumulation of ice during 




22 Light icing 
23 Light icing 
24 Very light 
25 No icing statement made; flight aborted 
@ early Accumulation of about I inch of ice 
27 Not much aircraft icing 
absence of reports in this latter period is indieative of 
little signifieant ieing. 
In any ease, only events eharaeterized by 
significant ieing based upon aetual reports (LM or 
greater) are classed 88 having high supercooled water. 
As in the airborne seeding events, those classified as 
light to moderate or greater sireraft ieing are eircled. 
From these eircled events, ones classified as 
orograpbie with eomplete data and identifiable cloud 
bases and tops (see Table 10) are doubly eircled. 
7bble 11. Ain:rv/t iciIag reportl: ground ,eeding program. 
- Altitude Time (GMT) Icing Time Thousand Feet FY Event Date 4 Hour Class (GMT) Location Rate Above Sea Period Level 
74 Nov. 27 2100- @>LM 1839 BYI MDT 12 
0500 2 0 1840 SUN MDT 12 
2208 OGD LGT·MDT 10·12 
0250 SLC None 
2 Dec. 12 0800- 1 - 0245 SLC None 
1600 2 
-
0310 SLC None 
3 Dec. 13 0700· 1 - 1405 SLC None 
1500 2 
-
1634 SLC None 
1800 SLC·TWF MDT 13 
4 Dec. 22 0700· 1 
-
2150 SLC None 18 
1500 2 - 0420 SLC None 9 
1452 DTA MDT 12 
1540 OGD LGT 
1645 SLC LGT 
1650 SLC 0.5 inch 10·13 
1755 SLC V.LGT 
5 Dec. 23 0130- 1 
-
0143 MLF MDT 12 
0930 2 
-
0143 MLF None 13 
0150 MLF MDT 13 
6 Dec. 28 2130· CD LM 1555 SLC LGT 7·16 
0530 2 1555 SLC n.i.r. 
1650 SLC MDT 7-19 
1743 SLC LGT 7 
1743 SLC LGT 13-15 
2320 SLC MDT 11 
2320 SLC n.i.r. 11 
7 Dec. 29 2200- CD M 1905 FFU MDT 13·21 
0600 Q) M 1905 SLC nj.r.a 
2108 SLC n.i.r. 
2146 SLC LGT·MDT 12·18 
2220 HIF LGT·MDT 13·16 
2256 SLC LGT 11 
2300 SLC MDT 18-19 
2358 DTA MDT 14 
0010 OGD MDT 12 
0646 SLC MDT 12 
8 Jan. 7 1600- 1 M 1529 FFU LGT 20 
0000 2 M 1545 SGU·DTA MGT 6-12 
1720 SLC MDT 15·18 
1940 FFU MDT 13-15 
2209 ELY MDT 5·16 
9 Jan. 12 1200- LM 1400 SLC MDT 5·24+ 
2000 LM 1412 SLC MDT 5·20 
1430 SLC None 14 
1700 SLC LGT 13 
1845 SLC·MLD MDT 14 
2210 PIH-IDA LGT 9 
10 Jan. 13 1930- LM 1530 SLC nJ.r. 
0330 LM 1600 SLC nj.r. 
2307 BYI MDT 12 
0130 OGD LGT·MDT 12 
3nJ.r. means no ice report in PIREP. 
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Table 11. Continued. 
-, Altitude 
Time (GMT) Icing Time Thousand Feet FY Event Date 4 Hour Class (GMT) Location Rate Above Sea Period Level 
74 11 Jan. 17 1530- 1 L 1445 DPG LGT 14 
2330 2 L 1530 IDF LGT-MDT 10-12 
1648 LGU LGT 17 
1715 HIF LGT 7-16 
1847 OGD LGT 11 
1850 FFU LGT 22-24 
1905 SLC 1 inch 18 
2006 FFU LGT 19 
2336 SLC LGT 11 
0010 SLC LGT 11 
0145 PIH-SLC LGT-MDT 9-11 
12 Jan. 19 1630- LM 1508 SLC None 5-13 
0030 M 1640 SLC None 5-16 
1745 SLC MDT 5-13 
1958 OGD None 14 
2046 aGD LGT 11 
2240 aGD MDT 12 
2240 SLC. MDT 9-14 
2340 SLC MDT 7-10 
0100 DTA Trace 13 
13 Jan. 20 2300- 1 a 1845 HIF Trace 6-14 
0700 2 - 1949 MLF LGT 11 
2040 DTA None 11 
2040 HIF None 5-26 
0035 SLC None 14 
0047 SLC None 25 
14 Jan. 26 0000- 1 L 2225 IDA-PIH LGT 8 
0800 2 L 2342 OGD LGT 12 
0049 SLC n.i.r. 12 
0210 BYI LGT-MDT 15 
0515 BOI-SLC LGT 16 
15 Jan. 27 2230- 1 L 2145 SLC Trace 10-12 
0630 2 a 2145 4SV LGT 12 
0145 FFU LGT 9-11 
0357 SLC None 5-19 
16 Jan. 31 2130- M 1715 SLC-FFU None 5-6 
0530 LM 1745 SLC None 6-8 
1855 SLC None 11 
2136 SLC None 5-15 
2155 SLC None 5-12 
2155 SLC LGT 14 
2201 FFU None 15 
2245 SLC LGf-MDT 12-19 
2245 PIH HVY 24 
0020 SLC LGT-MDT 12 
0046 aGD MDT 16-21 
0047 OGD MDT-HVY 13-23 
0047 OGD HVY 17 
0100 OGD MDT-HVY 13-23 
0152 MLD None 12 
0215 aGD LGT 12 
0315 BVL MDT 24 
0402 HVE-SLC LGT-MDT 18 
0600 MLD LGT 18 
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TGble 1" Continued. 
-.' 
Time (GMT) Altitude Icing Time Thousand Feet 
FY Event Date 4 Hour Class (GMT) Location Rate Above Sea 
Period Level 
74 17 Feb. 17 1630· 1 VL 1905 SLC LGT 9 
0030 2 0 several SLC vcnty. n.i.r. 
18 Feb. 19 1300- 1 L 1415 SLC n.i.r. 
2100 2 L 1450 SLC LGT·MDT 13 
1625 OGD LGT 17 
1930 RKS LGT 12 
1930 SLC nJ.r. DURGD 
2005 SLC n.i.r. DURGC 
2129 SLCoOOD None 6-12 
2151 SLC V.LGT 6·26 
0023 SLC LGT 16 
0106 SLC n.i.r. DURGC 
19 Feb. 22 1800- 8 LM 1320 MLD LGT 12 0200 LM 1405 SLC n.i.r. DURGC 
1540 HIF LGT DURGC 
1741 TWF n.i.r. 13·14 
2010 SLC n.i.r. 
2025 OGD MDT 13 
2210 SLC n.Lr. 
2346 OGD LGT-MDT 12 
0057 HlF n.i.r. 16 
0443 SLC n.Lr. 13 
75 1 Feb. 7 1700· LM 1405 OGD LGT 9·11 
0100 M 1430 OGD LGT-MDT 13·16 
1615 HIF MDT 11 
1616 SLC MDT 10·12 
1627 SLC V.LGT 12 
2056 SLC LGT 12 
2225 MLD MDT·HVY 6·15 
2225 MLD MDT·HVY 6·15 
0105 SLC·MLD MDT·HVY 6-16 
2 Feb. 10 0030- CD MH 2130 SLC None 10 
0830 CY. M 2315 SLC LGT 17 
2315 SLC V.LGT 12 
0035 FFU LGT 13 
0205 SLC HVY 10 
0449 SLC n.Lr. 7 
1420 SLC LGT-MDT 6·17 
3 Feb. 12 1600- 1 0 1802 DTA n.i.r. 8 
0000 2 0 1802 BYI-SLC None 12 
4 Feb. 20 0000- 1 VL 2326 PIH-SLC None 13 
0800 2 - 0102 HIF None 9 
0310 HIF LGT 16-24 
5 Feb. 27 1530- 1 VL 1349 SLC·DTA None 
2330 2 VL 1500 HLN·SLC None 23 
1500 SLC None 6-23 
1504 OGD-MLD LGT 6-12 
1640 . SLC-DTA V.LGT 12 
1718 SLC None 6-12 
2210 SLC LGT 12 
2210 LGU None 13 
6 Feb. 28 1700- @M 1515 LGU MDT 14 
0100 2 0 1840 SLC-RKS HVY 9+ 
1914 RKS None 14 
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Tobie 18. CtmtiBued. 
Time (GMT) Altitude Icing Time Thousand Feet FY Event Date 4 Hour Oass (GMT) Location Rate Above Sea Period Level 
75 7 Mar. 6 1800- (j) LM 1235 FFU HVY 14 0200 G> LM 1358 SLC LGT 6-23 
1615 FFU LGT 12 
1625 MLD LGT 11 
1632 DTA MDT 12 
2156 SLC LGT 7 
8 Mar. 10 1200· 1 L 1300 SLC-MLD LGT 7 
2000 2 L 1800 SLC LGT DURGC 
1915 SLC LGT 8 
9 Mar. 16 2300· 1 VL 1758 SLC n.i.r. 7-14 
0300 1818 FFU LGT 5-8 
1825 OGD LGT 14 
2017 SLC MDT 8-11 
0000 SLC None 5-13 
0026 PUC LGT 13 
0110 mF None DURGD 
10 Mar. 18 0330· 1 0 2025 mF None 16 
0730 
11 Mar. 20 1745- 0 1351 SLC n.i.r. 6·14 
2145 1624 SLC n.i.r. 16 
2100 DTA n.i.r. 16 
2259 FFU n.i.r. 23 
12 Mar. 22 0115- 1 0 1900 OGD n.i.r. 8 
0515 1911 HVE n.i.r. 12 
1932 MLD LGT 11 
0018 MLF LGT 28 
0100 SLC n.i.r. 8 
0204 SLC n.i.r. 8 
13 Mar. 22 1615· 1 VL 1545 SLC n.i.r. 18 
2015 1604 MLD n.i.r. 17 
1729 SLC V.LGT 6·28 
1933 LGU n.i.r. 22 
14 Mar. 24 1545· @M 1206 DTA LGT 12 
1945 1320 SLC LGT 9·12 
1950 FFU MDT 12 
2115 SLC HVY 6·15 
2115 SLC MDT-HVY 10 
15 Mar. 25 1245· 1 VL 1309 SLC-PIH V.LGT 11 
1645 1355 SLC LGT 16 
1355 SLC None 13 
1620 BVL LGT 13 
1620 FFU LGT 12 
1909 MLD None 13 
76 1 Feb. 9 0300- @LM 2320 SLC MDT 10·18 
0700 0330 FFU-SLC LGT 11·13 
0330 SLC MDT 7 
2 Feb. 14 2000· 1 VL 0245 FFU LGT 10-13 
0000 
3 Feb. IS 1930- 1 0 1800 HIF LGT 21 
2330 
4 Feb. 16 2100· 1 VL 2010 PVU n.i.r. 8 
0100 2fJ25 BVL n.i.r. 6 
2025 FFU n.i.r. 6 
2028 SLC n.i.r. 6-12 
2050 SLC LGT 9 







Event Date 4 Hour 
Period 
5 Feb. 20 0300-
0700 
6 Feb. 29 0530-
0930 
7 Mar. 1 2145-
0145 
8 Mar. 14 1900-
2300 
9 Mar. 19 1400-
1800 
10 Mar. 27 2015-
0015 















OGD Ogden pm Pocatello 
PVC Price 
PVU Provo 
RKS Rock Springs 
SGU St. George 
SLC Salt Lake City 
SUN Sun Valley 
TWF Twin Falls 
4SV Strevell 
Altitude 
Icing Time Thousand Feet 
Class (GMT) Location Rate Above Sea 
Level 
1 0 2113 SLC n.i.r. 13-15 
2349 PUC n.i.r. 
CD LM 0013 SLC % inch 16 
1 0 1740 SLC n.i.r . 6 
1800 SLC LGT-MOT 8-18 
1921 SLC n.i.r. 5-7 
2350 SLC n.i.r. 10-13 
CD LM 1721 SLC-BYI V.LGT 12 
2058 MLD MDT 13 
2105 FFU n.!.r. 21 
2121 SLC n.i.r. 22 
1 L 1700 SLC LGT 10-13 
1753 SLC LGT 16 
1825 SLC n.i.r. 10 
1928 OGD n.i.r. 8 
1 0 No reports 
7S 
TIM E (MST) 



















12 14 16 18 20 22 00 02 04 06 08 10 12 
TIME (GMT) 
Figure 57. Hwri'll freqtt.eftC1J of aircraft reports (PIREP). 
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B.O APPENDIX B 
A list Qf personnel and the area of eontribution to 
the research are given below. Penonnel associated 
wltli previous projeets are not lilIted here. The period 
covered herein is July 1, 1971 to the time of 
completion of the project. Personnel asaoeiated with 
the airborne seeding program are Usted 88 follows: 
NUDe 
Balick, Lee 
Bindrup, Veri K. 
Campbell, Ronald H. 
Chadwick, Prof. Duane G. 
Chappell, Dr. Charles F. 
Dittmer, Kent 
Fletcher, Prof. Joel E. 
Griffin, Donald L. 
Harrelson, H.E. 
Hill, Dr. Geoffrey E. 
Johnson, Floyd 
May, Joyce 
McNeill, William N. 
Merritt, Harold 
Morgan, Dr. Neil 
Sleight, Gayla 
Rao, Dr. Ramana 
Reynolds, Dr. George W. 
Wofffnden, Duard S. 































Data analysis, diHusion ealculations 
Field installations, maintenance 
Data Processing 
Precipitation sensors, radar 




Radar, field work 
Project Leader 1972-77 
Cloud microphysics, rawinsonde 
Data Processing 
Field program supervisor, rawinsonde 












Ice nuclei analysis 
Field cahbrations 
Field calibrations 
Seeders, ice crystal replieator 
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Personnel associated with the ground seeding 
program are listed as follows: 
Name 
Bindrup, Veri K. 
Griffin, Donald L. 
Hill, Dr. Geoffry E. 
McNeill, William. N. 
Merritt, Harold 
Rao, Dr. Ramana 















Field electronics. seeders, rawinsonde 
